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Section I. 

I"Jroduction, The present Report to the Alloys Research 
Committee differs injnany ways from all its predecessors. In the 
first plaA, a period of approximately eigl* years has elapsed since 
til 3 publication of the last Report. This long delay has not been 
due to any cessation or suspension of the work, but has arisen 
mainly from the fact that under war conditions publication on 
such a subject was not permissible. Further, at the outbreak of 
war, the research on the ternary alloys of aluminium with zinc 
and copper had reached an advanced stage. The period of delay 
due to war ami post-war conditions has thus been superposed 
upon what would otherwise have been an approximately normal 
interval between successive Reports. 

The length of time thus covered entails the consequence that a 
very large amount of material has to be, treated in the present 
Report, and this material is very much augmented by the fact, that, 
as a result of the importance attaching tfl aluminium alloys under 
war conditions, the research has, during the past five years, been 
pursued with increased intensity and as is indicated below—with 
much larger resources. The, mass of material with which the Authors 
have had to deal is thus very formidable indeed, and any attempt 
to give an account of it in the fully detailed manner adopted in 
earlier Reports would have been impossible, owing to the prohibitive 
bulk of such a Paper. As it is, the Authors have used their utmost 
endeavour to present the maiti results of their work in a concise 
manner, omitting details of experimental methods and even purely 
numerical data wherever possible, relying mainly upon graphs and 
diagrams for the presentation of their results. Great care has be«n 
given to the preparation of these graphs, and the Authors believe 
that numerical values of full accuracy can he read from the Figures. 
A further very necessary abridgment of the present Report has 
also been made by giving only in the briefest (wtline the results of 
the more theoretical portions of the researches on the structure aifd 
, constitution Of the alloys, leaving more detailed gjvblicsAici*! of this 
pure]*' scientific work to be made elsewhdte bv those of t.lve Authors 
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and their colleagues and assistants directly concerned with that, 
section of the noth. ( Jl is Imped, however, that Section^, dealing 
with'this hranch of the worh, is sufficiently full to indicate th<*morc 
immediate practical hearings of the most sc ientific part of the 
research. ' 

The very exceptional conditions in which the researches described 
in the present Report have boon conducted have affected them in 
several important ways. After the publication of the Tenth 
Report to (lie Alloys Research Committee in 1012 attention was 
concentrated on the systematic study and exploration of the 
ternary alloys of aluminium with zinc and copper. This portion 
was approaching completion when the outbreak of war gave a new 
direction and a new impetus to the work. The steady, systematic 
exploration of a single group or syst em of alloys, intended ultimately 
to furnish the foundation for a future, industry, was no longer 
adequate. The practical application of aluminium alloys, which 
had formerly been very limited, sprang at a hound into national 
importance, and results'capable of immediate practical applica¬ 
tion were urgently needed. Fortunately, the material already 
accumulated in the earlier stages of the research proved in part 
directly useful and, as a whole, served as a basis for the wide- 
sweeping exploration of a large range of alloys which was then 
begun. As a consequence of this development the, present Report 
deals with a wide, range of alloys instead of with an exhaustive 
research on any particular group, with the exception of the eopper- 
zinc-aluniinium alloys which had lice'll studied prior to 1011. Much 
of the data contained in the present Report must therefore he 
regarded as of a more or less exploratory nature, although it will 
Ik seen that in regard to certain alloys of special importance or 
promise, very detailed investigations have been made. 

Another consequence of war conditions and of the increased 
recognition of the importance of aluminium alloys has been that the 
\uthors were enabled to pursue their work on this subject with the 
afd <h vary much greater resources'than had formerly been the case. 
While e|rlfc» Aljpjs Research Reports record researches «hich wcre ( 
the work of two or three individual investigators, the present fteport 



AJmflYS .RESEARCH. 

cont'fyng t»u- resells ol ail organized research carlieduut, practically, 
iiv the v^hole "faff of the Metallurgy Department of the National 
Phynjeaf Laboratory, as'sistei^ in regard to many special matters, 
by their colleague^ in other Departments of the Laboratory, 
including particularly Engineering (ijiechanicul tests, etc), 
Metrology (measurements), anil Heat (thermal conductivities). The 
fact that the research has been carried out by the united and 
co-ordinated efforts of so large a number of workers (more than 
thirty individuals have contributed in varying degrees) adds very 
much to the difficulty of the present Authors in presenting the 
Report, particularly from the point of view of authorship, in 
doing it in their own names, therefore, they wish to record the fact 
that they do so mainly in their capacity as senior mend rs of the 
Staff who carried out the work. In individual acknowledgment they 
wioh to mention particularly the following names : - 

Mr, S. A. E. Wells for his important help in the work of the 
foundry and rolling-mill and in assisting to translate the work 
of the Laboratory to full industjfal scale at the Cardington 
Works (now the Royal Airship Works). 

Messrs. C. B. Marryatt, It.Sc,, F. Tritton, and J. D. (1 rogan, B.A., 
for their skilled assistance in various portions of the research. 

Miss M. L. V. Gayler, M.Sc., and Miss B. M. Routli, B.Se., for 
their important contributions to Section V , on the 
constitution of the alloys and their hardening. 

Dr. J. L. Uaughton and MissK.Bingham, M.Sc.,for contributions 
in regard to the constitution and structure of alloys of 
aluminium containing copper and nickel. 

Mr. W. II. Witliey, B.A., and Mr.P.G. Ward, B.Se., for the 
very^arge amount of difficult work on the, chemical analysis 
of more than 2,(XX) samples of metals and alloys ; and 

Mr. CL Glavslicr, for his great skill and patience in the constant 
maintenance, and in the construction, of numerous mechanical 

appliances used throughout the work., 

• 

Beyond- the Metallurgy Department of the Laboratory, the 
A(j?hors’ thanks and acknowledgments are dife'particularly te Dr, 
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T. E. Stkntoiy C.B.E., F.R.S., Superintendent of, the Engiiyiering 
Department, and to several members of liis staff, particularly 
Mr. R. G. Batson and' Mr. 0. A. Hankins, and also to Dr. E‘. Griffith, 
of the Heat Division of the Physics Department. The Authors also 
desire to record their very special indebtedness to the formel Director 
of the National Physical Laboratory, Sir Richard T. Glazebjpek, 
K.C.B., F.R.S., whose warm personal interest in the work provided 
helpful encouragement in circumstances which were frequently 
difficult, and whose great power of enlisting the necessary support 
outside the Laboratory was largely instrumental in securing the 
special resources which rendered much ol the work possible. 

Beyond the limits ol the National Physical Laboratory, the 
Authors also wish to acknowledge very warmly a large amount of 
help which, particularly during the war, was most readily and whole¬ 
heartedly given. Sir Gerard Muntz, Bart., and Mr. W. Murray 
Morrison, and various members ol the staff of the British Aluminium 
Company, more especially Dr. A. G. C. Gwvcr and Mr. Stewart, 
of Warrington, were most' particularly helpful, especially in 
connexion with the work oV extrusion described in Section 111 (<1). 
Thanks and acknowledgment are also due to Mr. E. II. Mitchell, 
then Managing Director ot the Cardington Airship Works of Messrs. 
Short Bros., under whose direction the production of the alloys 
developed in the Laboratory by the Authors was first undertaken on 
a lull works scale ; this work has been and is being continued at the 
same'works, now the Royal Airship Works (R.A.W.), under the 
direction of the Superintendent, Mr. C. 1. Campbell, and his 
assistant, Mr. S. Payne, to whose courtesy and co-operation the 
Authors are also much indebted. In connexion with the earlier work 
oncastings, and particularly in regard to the, experiments described 
in Section IV(b), the Authors are particularly indebted to Mr. 
William Mills of Birmingham, 

° t 

In this connexion, reference must also be made to the fact that 
the study of aluminium alloys for war purposes was by no means 
cosfiAed ^o the present Authors and their colleagues at the National 
Physical Laboratory, but was at the same time vigorously carried 
on ju a number of faboratoHes and works throughout the country. 
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The Authors were fortunate in being kept in the closest touch with 
the whohj of this work through {he activities o[ the Light Ailoys 
Sub-Committee of the Advisory Committee for Aeronautics. They 
were thus enabled to exchange ideas, data, and specimens with 
other wtirkers, including particularly Rofessor F. C. Lea, of 
Birmingham, and Professor C. A. Edwards, at that time associated 
with !he Royal Aircraft Establishment at Farnborougli, and later 
witli Mr. F. W. Dyson of that establishment. 

To the Light Alloys Sub-Committee, under the chairmanship of 
Sir Henry Fowler, K.B.E., and later of Professor (then Commander) 

C. F. Jenkin, C.B.E., also, the Authors’ results, particularly those 
relating to castings, were communicated from time to time as they 
were obtained, and thus rendered immediately available for 
national purposes. At the same time, the Authors’ conclusions 
weie thus submitted to the most searching of practical tests. The 
data communicated to and in part published, or in course of 1 
publication, by this Committee have necessarily been largely drawn 
upon in the preparation of the present llepftrt. A very large amount 
of additional work lias, however, been incorporated in it. 

In addition to the larger staff anil wider range of outside 
co-operation which became available as a result of war conditions, 
the Authors were also enabled to carry on their work on a larger 
and more satisfactory scale by additional resources in plant and 
equipment placed at their disposal. This was partly the result of 
the support given to their work by the Advisory Committee for 
Aeronautics (under the Presidency of the late Lord Rayleigh) and 
partly by additional funds made available through the efforts of 
the Alloys Research Committee of the Institution of Mechanical 
Engineers, who not only themselves provided a larger grant, but alst> 
secured increased financial support from the Department of Scientific 
and Industrial Research. The latter contribution resulted in the 
provision of a much larger and better-equipped experimental 
foundry, part of which is illustrated, in connexion with Sectioi^ II 
of this Report, in Fig. 45, Plate ft. Perhaps the most imports lit aiif 
to the^progrcsS of the present research, however, is constituted 
by th» experimental rolling-mill, which *is briefly described and 
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llustratcd in*^! cation III (page (ill) ami Fig. 17, Plate G.» This 
'xpcrimcntal mill, wijs Installed “prior to the war. In regard to its 
lesign and general arrangement the Authors are indebted In the 
makers of the plant, Messrs. Robert.son, of Bedford, and also for 
mueh advice and assistance of the most, valuable kind to Mr. F. 
Tomlinson, of the Rroughlon Copper Company, Manchester./ • 

A further word of explanation is perhaps required in view of 
the fact, that publication of the present Report has been delayed 
for two years after the cessation of hostilities. Apart from the 
ncvit.able delays associated with the difficulties of post-war 
conditions, this has arisen from the circumstances in which much 
of the work had been done. Under the pressure of war, efforts 
had been directed to t he immediate attainment of practical results, 
and on reviewing the work done it became evident that from the 
point of view of a satisfactory study of some of the problems, large 
gaps remained to he filled. The range of the work has been so wide 
that it has not proved possible, in any reasonable time, to fill, 
or oven approximately 'to Till, many of these gaps, hut an effort 
lias been made to secure such data as would lend to the work the 
greatest amount of value, both from a practical and a scientific 
point of view, which could be attained in the circumstances. 
This work lias continued up to the moment of writing, as many 
omissions could only be realized when the data were marshalled 
for publication. .The Authors are, therefore, well aware that there 
are numerous points in the Report where additional data arc 
obviously desirable, but they hav% not thought that these gaps 
were of sufficient importance to justify further delay in publication. 

With regard to the general results embodied in the Report, it 
fa almost impossible to offer any brief summary that could be more 
than a catalogue of facts and figures, and all that can be attempted 
here is to draw attention to a few of the more striking rqpults. In 
regard to casting alloys, the systematic study of the ternary alloys 
of ^copper, zinc and aluminium has led to the recognition of the 
valuable properties of these for casting purposes where the castings 
are not exposed to high temperatures. On the othef hand, however, 
the most important rcshlt established in the Report in regard to 
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eastirtgs is probably that relating to the great strength obtainable, 
by mcanjKrf heat-treatnv'nt in castings ot the allow “ Y ” (containing 
4 percent copper, 2 per cent nickel and J1 per cent magnesium). 
Tensile strengths as*liigb as 21 tong, per square inch have been 
recorded by the Authors, and equally \igli values have been 
rcfc<*<Jc,d by the R.A.W. For use at high temperatures 
also, such as those occurring in aeroplane engine pistons, 
castings ol this alloy show a very marked superiority over 
those of any other aluminium alloy yet available, and lor this purpose 
also the alloy is materially improved by beat, treatment, In regard 
to wrought alloys, the Report shows remarkable results obtainable 
in the first plarc by a simple ternary copper-zinc-aluminium 
alloy, called alloy “A" or ‘','1/20'’ in recognition of its content 
of d per cent of copper and 20 percent, of zinc. This alloy, which is 
cheap and comparatively easily produced, attains a tensile strength 
of 27 tons per square inch with an elongation of IS per cent, on 
2 inches. More, striking are the results shown by alloys containing 
manganer,e and magucsium in addition /o copper and zinc. Here 
(alloy “ E ") tensile strengths exceeding 40 tons per square inch are, 
recorded, with elongations of about 12 per cent on 2 inches. On 
the other hand, alloy “Y,’ - in the rolled or heat treated condition, 
attains strengths of 2(1 tons per square inch with elongations of 
20 per cent on 2 inches, thus giving results approximately equal 
to those obtained with alloy “ A ” and “ Duralumin,” but wiiji the, 
important advantage that it, appears to offer greater resistance, to 
corrosion than other aluminium alloys, while its power of retaining 
its strength when heated gives it appreciable advantage, particularly 
in regard to fatigue at slightly elevated temperatures. 

One of the most important results achieved by the present 
research has been the successful working, by forging, extrusion, 
rolling,* spinning, stamping, etc., of these alloys, not only on 
account of their remarkable properties but because they represent 
important types which were formerly regarded as unworl^ble. 
Some examples of the forms in which these materials h.fve been 
successfully produced are illustrated in Figs. 1 and»2, Plata 1. t 

Ifj addition to their strength properties, jhe alloys have also 
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been studied ‘j'rom the J)VJIID UX VICVY VI DlitVXMl'J rtiiu Ji'ClUinUCULU. t 

Tlie constancy o* dimensions of a large series of co^per-zinc- 
aluminium castings has,been demonstrated over a period of r more 
than seven years, but on t{ie other hand it*Tias been discovered 
that these alloys, both id the cast and in the wrought state, undergo 
a gradual ageing process which is shown to continue for seMral 
years at least. This process tends to render the alloys slightly stronger 
and harder, but. no sign of deterioration or embrittling has been 
noted. In the case of “ Duralumin ’’ also, a slight further hardening 
has been observed in material kept in store for nearly ten years. 
The nature oE the changes which occur in alloys containing 
magnesium when they undergo hardening by ageing after quenching 
from a high temperature has been studied and, it is believed, 
elucidated. The results throw a considerable amount of new light 
on the processes, involved in hardening and tempering generally, 
and also serve, to a considerable extent, to explain the general 
nature of the processes involved in the gradual “ ageing " of some 
of the alloys. ", 

For convenience, of reference and arrangement, the present 
deport has been subdivided into five main Sections and various 
sub-sections as follows: — 

Section /.—Introduction. 

faction 11. Oast Alloys: -- 

(«) Alloys for use at ordinary temperatures. 

(Ii) Alloys for use at high temperatures. 

(r) Heat-treat meat of eastings. 

Section ///.—Wrought Alloys:— 

(a) Ternary Alloys of Aluminium with Zinc and.Coppcr, 

(/>) Development of Alloy "‘A ” (“ 3/20”). 

^ (c) Development of Alloys “ K,” “ F,” “ ft,” and “ Y.” 

* (</) Extrusion of Aluminium Alloys. 

• (c) 'ftunuyary and Comparison of the l’ropcrfies of Wrought 

Alley.-,. * 
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, Section 7.F.—Permanence of the Alloys :— 

$) .Ageing. • 

( b ) Stability of Dimensions. 

(f) Fracture under Frolongel Loading (“Season 
Cracking "). 

*• (rf) Corrosion. 

Section V. —Constitution of the Alloys : 

(«) The Copper-Zinc-Aluminium System. 

(b) The Silieon-1 ron-Aluminium Svtsem. 

{<■) The Magncsium-Silicon-Aluminium System. 

(rf) The Hardening of Alloys containing Magnesium and 
"Silicon. 


Section II. 

Cast Alloy§. 

The present section deals with aluminium alloys from the point 
of view of their use and properties as castings. In many eases the 
same alloys are dealt with in regard to constitution in Section V 
(page 196) and in regard to their behaviour on forging and roiling 
etc., in Section III (page 11). The ageing and stability properties 
of the same alloys are dealt with in Section IV (page 155). 

11(a). Alloi/s for Use at Atmospheric Temperature. 

In continuation of the researches begun in connexion with the 
Tenth Report to the Alloys Research Committee, the earlier stages 
of the present research were directed to the fuller exploration di 
the properties of the alloys of copper, zinc and aluminium, A 
considerable number both of exploratory heats and of larger meltings 
were made and the resulting castings, both sand and chill, tested 
in the usual manner. The results of these tests arc indicated in 
the diagram Fig. 3, in which the compositions of the variouiPalfoys* 
are plotted orf the base of a portion of the ^lgual e*q trilateral 
triangle, and the data for ultimate stress iftsertejj as numbers at the 



Fig. 3. —Sand Castings. 
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.corresponding points of the diagram. Fig. 3 relates to fend castings, 
and Fig. # * U> chill castings. Tn regard to die sand castings, it 
will 1.0 seen that tensile, strength as high as 10 tons per square inch 
has been obtained, but this is found iy alloys containing about 28 
per cent or zinc, and these are eompariftively heavy, (ireater 
interest and importance, therefore, probably attaches to alloys 
containing in the neighbourhood of 15 per cent of zinc, and in 


Fjg. 5. —Tensile Tests. 



these tensile strengths of the order of 14 tons per square inch are 
recorded. These data, however, should be read in connexion with 
what is said in Section IV („) (page 155), concerning the ageing 
properties of these alloys. 

The name remits can be shown in i different way by plotting 
ultimate stress data against zinc content for a series of alloys having 
a constant copper content.' Tlqs has been dorfe in regard to |and 
and chill castings in Fig. 5. It, will he seen that in each series tlfe 
tensilo strength rises steadily with increasing zinc Content, hut that 
the Edition of copper makes very little cfifferesce as between 2 per 
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cent and 3 ]ier cent, of copper, where the two graphs aro ‘almost 
exactly superpos, d. <• r ' 

The data concerning the tensile strength of ternary alloys 
with copper, zinc and aluni'nium as indicated in Figs. 3, 4 and 5, 
which have just, been ‘discussed, suggest at first that the higher 
zinc content, with corresponding considerably higher tAnfeile 
strength, gives the advantage to the alloys containing from 20 to 
25 per cent of zinc. For practical purposes, however, there appear 
to he, certain objections to these alloys, arising mainly from the fact 
that they are very weak and tender when hot and are therefore 
liable to accidental injury in the foundry. While difficulties of this 
kind could no doubt he overcome, by more careful manipulation, 
it. appears doubtful whether the use of these stronger and at the 
same time, considerably heavier alloys is desirable. For many 
purposes, the thickness of a casting cannot be reduced below a 
certain value, and even if the metal does not possess the relatively 
high tensile strength of these denser alloys, the minimum thickness 
which can he used yet leaves it strong enough for practical 
requirements. If this is the case, then the lower density of the 
alloys containing rather smaller proportions of zine is a decided 
advantage. For this reason the alloys which have been selected 
for most general use for castings not exposed to high temperatures 
are, those containing rather less than 15 per cent of zinc. Typical 
of these is the alloy now widely known as “ L5 ” on account of 
the number of the official specification in which it has been described. 
This alloy contains from 12| to 14J per cent of zinc, and from 
2| to 3 per cent of copper. A freshly cast, chill test-bar is required 
to slmw a tensile, strength of not less than 11 tons per square inch 
and an elongation of 4 per cent on 2 inches. In view of thS data 
given above, it will be seen that these requirements are extremely 
moderate and can readily be exceeded. The actual strength of 
citings made of this material after a few months’ ageing will, 
however, be very Considerably greater than that indicated by the 
results of tests made on freshly prepared test-pieces. This particular 
casting\illoy haecbecn used on a very large scale, and has,on the 
whole proved veryi satisfactory. Itesults recently obtained with 
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Ireat-trijatcil castings of an entirely different composition, however, 
suggest, thafjor many purposes rustings of t lie eopper-zinc-aluminiuni 
t.vpe are likely to be superseded by those of alloys capable of 
improvement by beat-ireatment. 

Density. 

Tin’ density at atmospheric temperature of the alloys studied, 
in both the easl and wrought conditions, has been determined by 
the Metrology Department of the Laboratory. Results for the 
wrought alloys are, given in Sections 111 (a and <:) (pages 45 
and 142). The results for the cast alloys of the ternary eopper- 
zinc-aluminiuni series containing 1, 2 and 3 per cent copper, 
and for the alloy containing copper 4, anil zinc 5 per cent 
respectively, are shown in the graphs of Fig. 6. So little 
difference has been found between saint and chill cast specimens 
that in the ease of the hitter condition the graph of the 3 per 
cent copper series only is included for comparison. 

0 • 

M icroslructure of the Alloys. 

The mierostruetures of the alloys of the. ternary group, eopper- 
zinc-aluminiuni, both in the sand and chill cast condition, have 
been systematically examined. Of the large number of 
niicrostrui lures which have been recorded, it is only necessary 
to reproduce here typical examples, relating to the sand and chill 
cast material of alloys containing respectively 1 per cent of copper 
with 5 per cent lid 20 per eer.t of zinc, and of those containing 
3 per cent of < opper with the same proportions of zinc. These 
are shown in Figs. 7 to 10 Plate 2, all under a magnification 
of 150 diameters. Figs. 7 and 8 arc typical of the cast alloy* 
containing 3 per cent copper in the sand and chill cast 
state respectively, and Figs. 9 and 10 of those containing 1 per 
'cent copper. In 4 hese figures it, will be seen that the presence 
of the aluminium-copper compound Ou.\l 2 mqjces itself evident. 
In addition there are the usual signs of coring in the solid soiutfon 
of zincinaluiniyiuugso many typical examples of which Ifa^c been 
illustrated in the Tenth Report to the Alloys Research Committee, 
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Comparison.fef those photo-micrographs, representative of alloys of 
this type in the oast'condition, with those scon in Kigs. 41 to 44 
(1’lalc, -I), relating to alloys of the same typo m the rolled 
condition, is instructive as showing the influence which repeated 


FlO. 0. -ilroM///. 
Grammes per cubic eontimetre. 



Zinc. 



heating and mechanical working exerts upon the microstructurc 
o( these materials. 


„ ST(fi). k fast AUoys for Use at High Temperatures. 

The advantages to lie gained from the use of aluminium alloys 
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as pistons in aeroplane and other high duty internal vombustion 
engines having been demonstrated in practical vi-jal as well as 
indioated by theoretical consideration, the problem of finding the 
most suitable casting alloy for this purpose, became, of very 

Fm. 11.- Tensile Tests tit High Temperatittes (Chill Castings). 

No. 36—Alloy “ Y ’’ (Cu 4”', Ni 2%, Jig 1’5/J. 

14/1 Alloy containing'Cu’14/', Mn l r . 
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considerable importance. In the course of the present research 
the Authors have dv voted a very large amount of attention to this 
subject. t 

Reference has already been lmfllc to tbc fact that alloy* of 
aluminium containing considerable proportions of /me, et’ejj in 
the presume of a few per cent of copper, are»very weak when hot. 


inches. 
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Since the bejiav^our of light alloys at high toiliteratures lias, become 
a mutter of considerable importance in connexion with their use 
in aeronautical engines, mainly as pistons, their strength high 
temperatures has received a considerable*' amount of attention 
in the course of the present research. Results of tests at high 
temperatures on the zinc-aluminium binary alloys have already 
been described in the Tenth Report to the Alloys Research Committee. 
These show that the tensile strength of such alloys falls off rapidly. 

Further tests at high temperatures have shown that the ternary 
alloys of copper, zinc and aluminium behave in a very similar 
manner. The results of one scries of tests of this kind, relating to 
the alloy “L5,” are included in the graphs of Fig. 11 which represent 
the behaviour of a number of typical alloys at high temperatures. 
There it will be seen that, starting with a tensile strength of about 
13’5 tons per square inch, this falls off at 250° C. to little more 
than 1 tons per square inch, and at 350" C. drops to about 1'5 tons 
per square inch. This very rapid fall in strength with rising 
temperature lias led to the abandonment of these alloys for uses 
where high temperatures arc involved, although at the temperature 
200 ° C., which appears to be of the greatest importance in connexion 
with aeroplane engine pistons, the alloy “L5” has approximately 
the. same strength as the alloy containing 12 per cent of copper 
(remainder aluminium), which has been very extensively used for 
that very purpose. 

Some guidance as to the behaviour of other alloys at high 
temperatures had already bcc„ obtained at the time when 
this problem arose, from experience of the behaviour of various 
alloys in the extrusion press (see Section III (</) below). It has 
, been found, for instance, that alloys of aluminium add copper 
containing more than about 1 per cent of copper prove very stiff and 
intractable for extrusion, even at high temperatures, pid it was 
thought, therefore, that these alloys might be found to preserve their 
strength at high temperatures better than others. A sample of 
1 shell an alloy, of which an aefo engine piston had actually been 
mad<;, had also v hcen submitted to the Authors for*test by what was 
‘then the Technical Section of the Royal Naval Air Service. An 
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extensive series of tensile tests at high temperatures was therefore 
undertaken and the properties of a large number of alloys at high 
temp'rattirets were explored. The, results obtained with the more 
important of these rre indicated in the graphs of Figs. 12 to 10. 
The only*data available from such feats* as carried out by the 


Fici. 12.— Chill CtuHncis. 
(J%, 8"', 12' and 14% Coppei. 
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Authors, wore the ultimate stress and elongation. No attempt to 
measure a yield -’>oint was made, although subsequently Professor 
Lea succeeded in determining the elastic limit of these materials at 
high temperatures by means of u special extensometer whigh 4rasi 
however, unsuited for use in the type of testing-machine available 
to tlje Authors. The data represented by Fig. 12 relate *to 
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alloys ol copper with aluminium containing G, 8, 12, and 11 per cent 
of copper respectively. 11 It will be seen that in the neighbourhood 
of 200" to 250" all the alloys of aluminium with copper, have 
practically the same tensile strength, but that at somewhat 
higher temperatures, ipo to .‘150° C. the alloys containing 12 per 
cent and 11 per cent of copper are somewhat better than^tljose 
containing lower proportions. The alloy containing 12 per 
cent of copper, generally known by its Air Board Specification 
Number “ L8,” has been so extensively used, that it has been 
adopted as the standard for comparison throughout the remaining 
ligures relating to high temperature tensile tests of cast aluminium 
alloys in the present Report. 

The first effort to improve upon the simple aluminium-copper 
alloys for use at high temperatures, was made by the addition to 
them of a small amount of manganese. The influence of manganese 
in stiffening materials at high temperature had previously come 
under the Authors’ notice, and the results in the present instance 
justified their anticipatipn. The influence of manganese on these 
alloys is clearly shown in the graph, Fig. 13, where results of 
high temperature tensile tests on alloys containing 4 per cent and 
14 per cent of copper plus 1 per cent of manganese; in both the sand 
and chill cast condition are shown compared with the properties of 
the 12 per cent copper alloy chill cast. It wdll be seen that in every 
case the alloys containing 1 per cent of manganese show an actual 
inerfcase in tensile strength up to temperatures of 250° 0. After 
that temperature has been passed,,their strength falls off at much 
the same rate as that of the pure copper alloys, but owing to the 
initial rise, their strength at 350° C. is still very much better than 
that of the pure copper alloys. 

This effect of manganese appeared to be so striking that it was 

investigated more closely, with a view to ascertaining whether the 

addition of greater or smaller amounts of manganese might* produce ‘ 

■>, better result than that already obtained by the addition of 1 per 

eenV ^Rather curiously, it was found that the addition of 1 per cent 

gave by far the best results. This is shown in J^ig. 14, where 

ltfis seen that in a gra ph representing the variation of tensile sfrength 
c *• 
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_at, various temperatures with different amounts of manganese, tliere 
is a distinctly marked maximum al>out 1 per een*- of manganese. 

So far as tensile tests at high temperatures are eoneerned, it 

fio. 13. * 

1 ~ Copper 14 , Manganese 1 , Chill Castings, 
ii— „ „ ,, ,, Sand „ 

3 = », 8 „ „ Chill 

4 = „ „ „ „ Sand „ 



Temperature. 


might have been thought at this stage that the problem of finding 
a light alloy suitable for use at high temperatures, and particularly 
in aeroplane engine pistons, had been satisfactorily solved? Other 
properties besides tensile strength at high temperatures, however, 
influence the choice of an alloy for this* purpese. In the case of 
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alloy contain'ng 11 por rent copper, l por cent- manganese, for 
instance, it. was f<«unti tliai it could not at first bo so readily produced 
in the aluminium foundries as oilier allows. While there can*be no 
doubt that difficulties of tjiis kiml could hhve been successfully 
surmounted, and in fad in one or two cases they were successfully 
overcome, yet under war conditions it appeared undesirable* to 
introduce for extensive practical purposes a material which, at the 


Fjg. 14 .—Sand Cast liars. 14', Copper. 
Tiffed, of varying Manganese content. 



outset, at any rate, might present difficulties of manufacture. It- 
tfas further thought for a time that this alloy might be inferior to 
others in regard to thermal conductivity, and for .these combined 
reasons the search for other and, if possible, superior allovsi suitable 
for use in pistons and for other purposes at high temperatures, 
. r aj^ continued. A considerable number of miscellaneous alloys 
were Explored. These included alloys with iron, molybdenum, 
tiyigstctt, chromium, vanadium, and others. The properties at high 
temperatures of same of these arc illustrated in the graphs of 
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.Fig. 15. Jt will be scon at. mire, on reference to this Fig. that, 
none of those offer any .advantage whatever as compared with 

the ailoy of copper, manganese, and aluminium, described above. 

• 

« .Fki. 15. - Chill Castings. 

1 = Copper 12", Manganese l",', ClTromiura 1°'. 

% 2 = „ 3',, Cobalt 3^. 

3 — „ 14' , Vanadium O'? 0 '. 

4 = „ „ Iron 1°/^. 
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In the majority of these alloys it was found that a cornjmfatively 
small addition of the second element renders the material e^tremgly 
brittle and unsatisfactory from a casting point of view. It had 
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boon hoped fcfiat, in these alloys the presence ob an inter-ipetallic 
compound Laving if very high melting-point and a considerable 
degree of harshness, might, render the material stiff ami bird at 
high temperatures. IJnfortjmately, it was fbund that tl'ese high- 
melting inter-metallic Eompounds produce, in the allots, during 
easting, a rigid skeleton from which the remaining metal, wlptet is 
still liquid at a temperature when the skeleton has solidified, tends 
to drain away, leaving an unsound porous casting. 

In view of the results just quoted, attention was next 
concentrated upon determining the influence of iron and nickel 
upon the more usual aluminium alloys. A series of preliminary 
experiments convinced the Authors that the addition of iron to 
copper-aluminium alloys, although it did not produce any marked 
deterioration in the mechanical properties, did not tend to produce 
any very important improvement in their behaviour at high 
temperatures, while, at the same time it undoubtedly increased the. 
difficulties in the foundry. Other workers have pursued this 
particular matter very irtpch further, and their results on the whole 
confirm the view arrived at by the present Authors at an early 
stage of the work. The stfidy of the effect of the addition of nickel, 
together with further additions either of manganese or of magnesium, 
has led, on the other hand, to results of first-rate importance. One 
of the alloys, which has been distinguished throughout the present 
lb;port by the letter “ Y,” which resulted from these investigations 
for the purpose of producing piston alloys, has proved extremely 
useful in other directions, and in tlfe form of rolled bars and sheet 
and similar products promises to he of very considerable importance 
(see Section III (c) page 111). 

* The first step in investigating the influence of nickel on alloys 
of this kind consisted in a series of tests made upon alloys containing 
from 8 to 12 per cent of copper and 1 to 3 per cent of nickel. The 
results of tensile tests at high temperatures on typical examples of 
' bi^ series are shewn in the graphs of Fig. 16. For purposes 
of comparison the graph for the alloy containing 12 per cent of 
copper ♦alone is, included in this Fig. Comparison Of these graphs 
shows at once the#beneflcial effect of nickel, hut there is (till a 
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distinct fall in tansile strength between the ordinaiy temperature 
"and 250° C.. followed by a much more, rapid if 11 at still higher 


t 

Pm 1C .—Chill Casting. 

* • 

# 1 = Copper 12%, Nickel 3%. 



Temperature. 

temperatures. The next step ednsistod in testing the effecfcorth» 
addition of magnesium to alloys containing both copper ifn<J nickel. 
In the first instance the allov eonta,inimr<S r>er cent, of Conner and 
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Fig, 17.™ Chill Castings. 

* ' , 
Copper 8;,', Nickel 2%, Magnesium 1 r }\ 

34 — „ 8’, „ 2;„, ‘ „ 1-5 C ; .* * • 

3.4— ,/ 8’, „ 2’„ „ t 2 •}. , 



Elongation per cent on 2 inches. 
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^ 2 percent of nickel was chosen for this purpose., Tnc alloys tested 
were made to contain nearly as possible 8 [>(.t cent of copper, 
2 pA- cent of nickel, and 1, ]?, and 2 ]>cr cent of magnesium, 


Fia. 18 .—Sdiul Gablhiijs. 

90-Alloy “ Y ” (Cu 4 , Ni 2[, jfg 1-5 ). 

34—Alloy containing Cu 8 , Ni 2 , Mg 1-S . 



Temperature. 


respectively. Tests were made on both sand and chill castings, 
but for purposes of comparison it is sufficient to confine Surlfeh^s 
in this case also to the tests on chill castings. ^TJicsc arc«indicatcd 
in Jhe graphs of Fig. 17. Comparison the graphs of *this 
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Fig. shows tliHb tin- addition of magnesium has produced an 
important improvement in the alloys. Particularly the alloy 
containing only 1 per cent of magnesium at a temperature of 250° C. 
shows a tensile, strength of dose on 13 tons per square inch as 
compared with 8 tons per square ineh in the alloy having toe same 
copper and nickel content in the absence of magnesium, the allov 
with copper alone being still weaker at that temperature. 

No further details need be given of the intermediate stages of 
the investigation, in view of the fact that it was shortly afterwards 
discovered that in the presence, of both nickel and magnesium the 
copper content of these alloys could be safely reduced, with 
considerable advantage to the lightness of the alloy, and ulso to 
its thermal conductivity. 

The results of high temperature tensile tests on both sand and 
chill cast test-pieces of alloy “ Y” (4/2/1 1 ) are shown in Figs. 18 
and 19 relating to sand and chill castings respectively. On 
both these figures, the best of the alloys containing larger 
proportions of copper with nickel and magnesium (alloy 34 containing 
8 per cent copper, 2 per cent nickel, 1 per cent magnesium) is 
given for comparison, as well as a graph representing the properties 
of the 12 per cent coppei alloy. It will be seen that in both sand 
and chill castings the alloy “ Y : ’ is slightly superior to the alloy 34, 
and of course, enormously superior to the alloy containing 12 per 
cent of copper alone. An interesting and important feature in 
both sand and chill cast test-pieces of this material is the fact that 
they show an appreciable amount of obligation, and at really high 
temperature, above 300“ 0., this elongation increases very rapidly. 
It. was this observation which led the authors to try forging and 
rolling of this material, witli the successful results described in 
Section III (c), (page 111). 

In order to ascertain the limits of composition within which 
‘variation might be allowed without materially impairing the 
i nortant properties of alloy “ Y,” a series of tests were carried out 
wfth allots in which the composition had been varied from 1 per 
cent of nkkel to per cent, and magnesium from 0 5 per cent 
t.n 9 iier cenf Tlie result!', slfow tliat, .small variations of eomnosition 
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do not appreei;tbl v affect the alloy, but that the, composition originally 
arrived at, namely, 2 f ei'eent of nickel and l' 5 ]>er cent of magnesium* 
represents the best of the materials tested. 


Other l’rojx'rti.es of Ike Alloys. 

y * 

Apart from tensile, strength at high temperatures, which lias 
been regarded as a fundamental measure, of the, value of an alloy 
for such uses as pistons in internal combustion engines, a number of 
other properties are of considerable importance. The question 
of the general facility with which an alloy can be cast into more or 
less complicated shape, and the facility with W'hich sound castings 
can be obtained, are of very considerable importance. Many of the 
casting alloys exhibit a marked evolution of gas at a temperature 
at or just above the commencement of freezing. Alloy “ Y ” is certainly 
not free, from this trouble. There is also in all these alloys a 
considerable tendency towards the, defeets known as "drawing,” 
which occurs if the supi^v ftf liquid metal to the, casting is cut off 
before the whole, of the, casting has solidified, so that contraction 
during the final stages of •solidification results in local shrinkage. 
The avoidance of defects from both these causes is mainly a question 
of proper pouring temperature and adequate gating and venting 
of the moulds. In the case of alloy “ Y,” and other alloys containing 
magnesium, a special precaution is, how'ever, required. This relates 
mainly to the manner of introducing magnesium, which it is found 
best to addimmcdiatcly before the medal is poured into the mould. In 
the. Authors’ experience, it has been found best to add the magnesium 
in the form of the pure metal cut into fairly large pieces and to push 
these rapidly under the surface of the molten aluminium so that 
they can dissolve without coming into contact with the air. This 
is readily achieved by the use of a small inverted cup, for which 
purpose a salamander crucible through which a number of holes 
have been drilled .can be satisfactorily used. Such a crucible. 
%tta’ch»d to a suitable rod as a Yandle, iR shown in the sketch, 
Fig. 2Q. ‘If magnesium is added in this way,*it is easy to 
acTiieve a very cloqp approximation to the desired composition of 
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{he finished elloy.* If magnesium is added at an earlier stage, on 
the other hand, a variable proportion of that clement is liable to 
be losl; during melting, and the alloys are also less likely to be sound 
and satisfactory in other respects. « 

With regard to the introduction of niokdl to these alloys, some 
caw kv, also required. Metallic, nickel does not readily dissolve 
in aluminium, and rich alloys of nickel and aluminium become 
very infusible or, at all events, contain a very infusible body. For 
this reason, the Authors prefer to prepare a hardener or rich 
alloy containing only 20 per cent of nickel and to add this 
in the requisite quantity to molten aluminium when preparing 
alloys containing nickel. With these precautions, alloys of the 
“Y” type can be satisfactorily made and cast. In these, and 
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in a great many other light alloy eastings, the presence of 
a considerable number of very minute holes, commonly known as 
pin-holes, makes itself evident when the surfaces are machined- 
Although these minute holes give an appearance and suggestion of 
unsoundness on very minute scale, actual tests show that castings 
containing them do not appear to be appreciably weaker than 
portions of the same casting which are free from this apparent 
defect. While, therefore, it is undoubtedly desirable to eliminate 
these minute holes as far as possible, by suitable foundry 
.manipulation, yet their presence need n't be regarded as seriously 
deleterious to the easting. 

Caslinq G(Mraction. 

In order to ‘ascertain whether the differences- in.the belmviour 
of various alloysin the foundry could rightly be asefibed to differences 
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in the amount of contraction undergone by thtni when cooling 
from the liquid sCatif, a series of determinations of the total linear 
contraction of a number of alloys was undertaken. Two methods 
were employed. In the first, of these, a sand mould was prepared 
with a pattern 12J inches long by | inch square in section. This 
was provided with two sharp pointed projections or “ pips.” 12 
inches apart. After drying the mould, and just previous to pouring 
in the metal, the distance between tin; points of the impressions 
of these pips in the sand was measured by means of dividers. The 
mould was then closed and the casting poured. When sufficiently 


Fk,. 21. Total Linear Contraction of Light Alloys. 
Scale.—Quarter full size. 



cold, the casting was removed, allowed to cool to atmospheric 
temperature, arid the distance between the points of the projections 
of the castings measured. The, difference between these, two 
measurements gives the contraction. In the. second method, a 
flat bar 10 inches long by 1 inch wide by J inch thick was cast in 
sand between the machined faces of a steel template, as shown in 
the sketch, Fig. 21. The wooden pattern and the steel ^template 
were moulded together in the sand, and both removed and the 
mould thoroughly dried and allowed to cool. The distance between 
“the fates of the template having "been checked, it was replaced in 
the motilS, the, siould closed and the casting pouted. Template 
' and casting were jemovtd from the mould as soon as pqgsible. 
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When Hie east bar had cooled completely, it wa" replaced between 
the faces of the template and t.he small gap due, to the contraction 
of the aluminium casting determined either by the use of feeler 
gauges or in other ways. The results obtained by both methods 
are in satisfactory agreement, but finally* the method of casting 
betwen the, faces of the steel template was adopted in preference 
to the other. 

TA Hi jK I. 



Alloy (Percentage Composition). 
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1-5 

80*5 j 
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The results obtained for a series of eleven alloys are sboft'n 
in Table 1. It will be seen that the total contractions vary 
comparatively little between different alloys. The. highest contraction 
(1'40 per centj found in the pure, binary zinc-aluminium alloy 
containing 15 per cent of zinc ; on the other hand, the alloy ‘'JJ> ” 
has a contraction of only 1- 27 per cent, while the alloy containing 
14 per cent of copper and ] per cent of manganeeejias a cofttraofjion 
of 1 - ^21 per oent. In general, the results? indicate very clearly that 
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differences in tutsil contraction between the various alloys are 
insufficient to account lor the differences in their behaviour described 
by those using them in the foundry. Such difficulties as nave 
at times arisen in connexion with the casting of certain of the alloys, 
therefore, must be. ascribed to other causes. 

Notched-liar Impact Tents. 

As it was feared that certain of the alloys containing high 
proportions of copper and manganese, particularly, might prove to 
be brittle in practice, a series of notched-bar impact tests both at 

TABLE 2. 


... Energy absorbed in Fracture. 

A - - (Mean Values). Kg.-Molrcs. 


' “L5”. 

15’C. 

0-200 

250° C. 

0-192 

, “Lll ” (Copper 7, Tin 1, Zinc 1 per cent). 

0-082 

0015 

i Copper 9, Tin 2, Zinc 1*5 per qent . 

1 : 

0-048 

0-009 

“ 14/1" (Copper 14, Manganese 1 per cent) 

0016 

0-016 

Copper 14, Manganese 1, Tin 1 per cent 

0-011 

0-007 

Copper 6 per cent . . 

0-146 

0-097 

Copfior 8 por cent 

0-095 

0-061 

“ L8 ” (Copper 12 per cent) . . i. 

0-098 

0-024 

Copper 8, Nickel 2, Magnesium 1'5 per cent . 

0-018 

0-015 

“ V ” (Copper 4, Nickel 2, Magnesium j 
• 1'5 per cent).j 

0-042 

0 035 


ordinary and at elevated tcm]>erature8 have been carried, out by 
the Engineering Department of the National Physical Laboratory, 
ihe results of these»tests on specimens from chill cast bars, mostly 
t inch tliametcr, which are tabulated below in Table 2 are not 
verj- conclusive tram this point of view. It is now nfcognized that 
notched-bar impactitest Values can hardly be regarded as a,safe 
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means of comparing materials differing eonsidfralrly in character, 
and the differences between some of the "nlioyf* considered in tin; 
present* lleport are wide enough to vitiate any comparison of 
that Wnd. h’or that reason the Authors do not suggest 
that thff relative merits of the various alloys can safely he 
gauged in any way by comparison of the. impact values given 
in this Table. The only striking fact which appears to emerge 
from the data obtained, relates to the. influence of tin on the impact 
strength of the alloys at elevated temperatures. Comparison of 
the figures obtained with alloys differing only in that one of them 
contains 1 per cent of tin, whereas tin is absent in the others, shows 
clearly the deleterious influence of tin in this respect. 

Thermal Conductivity. 

The main advantage derived from the. use of aluminium alloy 
pistons in internal combustion engines, such as those used on 
aeroplanes, is due, not so much to any small saving in weight even 
of reciprocating parts which may be effected in this way, as to the 
very c nsiderable gain in the efficiency of the engine owing to 
the greater heat-conducting power of'the aluminium pistons. In 
the case of air-cooled engines, the use of light alloys having high 
thermal conductivity avoids the distortion arising from unequal 
cooling of the leading and trailing sides of the cylinders. Even 
in water-cooled engines, however, the higher thermal conductivity 
of the aluminium piston allows the use of considerably increased 
compression ri tios, which leal to an increase of the power of the 
engine, and at the same time to a decrease of petrol consumption 
per hoise-power-hour. In view of the importance which thus 
attaches to thermal conductivity, a scries of careful determinations 
of this property have been made by Dr. E. H. Griffiths, of the Heat 
Department of the National Physical Laboratory. The methods 
employed in tl'-e measurements have been described elsewhere, and 
here it is only necessary to quote the results. These are embodied in 
Table 3. 

It will bt seen from this Table, that the thermal coliductivities 
of jhc various alloys do not differ to any very large extent, 
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TABLE 3. 

7 ha mat Cniuhiiiii ili/. 


Thermal Orndnctivily. 


Composition by Analysis. Sand. Chill. 



As cast. Annealed 450'. 

As cast. 

Anhcalod 450°. 

Copper ( 1 ). 

Tin. Zinc. Coppor 

100 ". 300°. 100 ". 

. 1 0-114 0-37 0-3G 

(2). 

300°. 

0-33 

100 °. 

300°. 

100°. 

300". 

0-82 0-88 OCA 



0-39 

0-41 

0-38 

0-40 

Copper. Zinc (3). 







2'75» 13-5*. 

. O' 32 0-30 — 

— 

0-31 

0-37 

0-34 

0-35 

Silver. Copper. 







0-91 7*05 _ 

Magnesium. Iron, Copper. 

— 

0-87 

— 

0-39 

0-42 

0'88 2 09 

Iron. Copper. 

3-9 0*I{5 .,0-30 0*30 , 0-37 

Iron-Copper-Aluminium. 

0-37 

0-33 

0-40 

0-41 

0-82 7'91 . 

'• — — 


0-35 

0-38 

O-40 

0-42 

2'09 8-18 . 

Nickel. Coppor. 

Nickel-Copper-Aluminium. 

0-34 

0-30 

0"I8 

0-39 

1T2 7-93 . 

. , — — — 

_ 

0-38 

0-40 

0-41 

0-42 

2'lfi 9-04 . 

. 1 — — , — 

_ 

0-36 

0-39 

0-40 

0-41 

1-96 11-87 . 

Manganese. Copper. 

, - — — , — — 0-35 

Manganese-Copper-Aluminium. 


0-38 

0-39 

0-98 13-1) 

. O’ 20 0-29 — 

— 

0-27 

0-30 

0-37 

0-38 

B'O . . 0*25 0-29 — — 0-25 

Manganese-Nickel-Copper-Aluminium. 
Magnesium. Nickel. Copper. .11 1 

0-30 

0-30 

0-39 

1 * 2 * 

9-08 — — | - 


0-83 

0-37 

0-38 

0-39 

l-s* 2 * 

8' ’ 0-34 0-30 I 0-39 

0-40 

— 

_ 

_ 

1-5* 2* 

4* 0-35 0-37 : 

— 

0-37 

0-40 

0-40 

0-41 

P«re Aluminium 

. 0-50 0-50 — 

j 

... 

0-52 

0-52 

C 

C 

Cam tronf 

* ' t _ 

* 0*102 0-099' 0*121 

! • 

0-113 

_7_ 

- 

- 

_ 


* Nominal composition. 

1* Graphite. Comtinod Carbon. Silicon. Sulphur. Phosphorus. Manganese. 
As cast . 2-61 6-85 |.fl 4 0-078 1-09 o 0-82 

Annealed , S-Sl * O'15 1-1*4 0-070* 1-09 0-85 
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although some oftlio alloys have an appreciably lii,ghcr.conduetivity 
This applies particularly to alloy “ ^ 

JI(c).o Ilrat-Tri'itlmcnl of UaiHntjs. 

The very great improvement in the mechanical properties of 
a "wnlicr of aluminium alloys, particularly those containing 
magnesium, which can be produced by heating and quenching 
from suitable temperatures in the case of forged and wrought 
material, obviously suggests the possibility that similar improvement 
might be obtainable in castings by proper heat-treatment. The 
fact that it has hitherto been thought impossible to obtain such an 
improvement in the cose of castings made of the composition of 
Duralumin, has tended to retard development in that direction 
The present. Authors, however, having had occasion to apply heat 
treatment to cast material of various compositions, soon arrived 
at the conclusion that improvement in mechanical properties could 
be obtained if the heat treatment were, suitably arranged. This 
very promising line of work has befti pursued to a considerable 
extent., and the results described below have been obtained. 

In the case of the simple binary alloys of copper and aluminium, 
it might not at first sight be anticipated that heat-treatment could 
produce any very marked results. Iu connexion with an inquiry 
into the so-called “burning” of aluminium copper alloy piistons, 
however, it was decided to ascertain if piossible the mechanical 
properties of a saturated solid solution of copper in aluminium. 
Work on the < institution of these alloys has previously shown that 
the solubility of copper in solid aluminium is of the order of 5 per 
cent, but that this amount of eopiper, or rather of the copper- 
aluminium compound CuAl,, could only be brought into solid 
solution by prolonged annealing. Normally, in the production of 
coppeijaluminium chill castings, free compound (0uA1 3 ) is found 
in the alloy w c n the copiper ton ten; is as lov\ as 2 per cent. For 
the purp'oae of the present experiment, chilUcast bars containing 
2 per cent, 3 per cent, 4 per cent and 4J per cent of cop fef -were 
prepared. These were annealed for three days at a temperature 
between 450° and 520” 0. After this treatment, microscopic 
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examination,'showed tliat no undissolved compound CuAl a was 
present, except,in 4liri‘case of the alloy containing 4| per cent (if 
copper, wlierc a minute quantity could still be found. 'KeSalts of 
tensile tests on these alloys are shown by the thick lines in the graphs 


* Fio. 22. 

Tensile Tests m Heat-Treated Chill Castings of Copper-Aluminium jfloijs. 



« of Fig. 22. For comparison, the results of similar tensile tests on 
nnannealed chilled castings of the same composition are shown by the 
. thinkings in thesame Fig., thedatabdingtakenfrom theEighthReport 
to the Alleys Research Committee. The result of heat-treatment 
ip (his ease has beejj to raise the ultimate stress to a very marked 
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degree ; i the improvement in the alloy containing 3 per cent, copper 
is’from 8 tons per square inch to 10 tons per Square inch, and in 
the alloy containing 4 J per cent of copper, f/oni ill tons to 15 tons 
per square? inch. This Very remarkable increase in tensile strength 
is accompanied by an appreciable, increase in alnngation. The results 
in regard to elongation arc also shown in the graphs of Fig. 22, 
These results indicate very clearly that considerable improvement 
in the mechanical properties of copper-aluminium alloys may he 
obtained from suit,able heat-treatment, applied to castings. It 
appears probable that still higher tensile strength could bo obtained 
by the use ot alloys containing a higher percentage of copper, which 
would leave an appreciable amount of the hard stiffening body, 
OuAl., in the alloys even after the prolonged annealing described 
above. 

Still more striking and important, results have been obtained 
by heat-treat,mont applied to castings of the alloy “Y” (1/2/11). 
The heat-treatment applied to this alloy is similar in certain 
respects to that which has been found snirftssful when applied to 
the rolled material, hut in order to bring the alloy in the first 
instance into a condition resembling as ’frarly as possible that of 
the wrought material, a prolonged heating at a temperature in the 
neighbourhood of 500° C. is applied. In the earlier stages of this 
work, the temperatures employed were restricted to the neighbour¬ 
hood of 500° C., in view of the fact that in the case of alloys similar 
to Duralumin a temperature appreciably higher than 510° C. is 
known to damagi the material. Subsequent work on this alloy, 
as has been indicated below, has shown, however, that much higher 
temperatures can safely be employed, and both heating and 
quenching at and from temperatures as high as 530° C. have been * 
successfully used. 

The regults obtained are indicated in Table 4. It will be 
seen that the licai treatment there described consists in heating 
for six hours at 480° 0. either in an open muffle 6r in a salt batli 
(nitrate), followed by quenching in water. Quenching in botling 
water or in oil has also been used and gives on the whple somSwhat^ 
better faults than quenching in co)d water.* Thedata given in the 
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Table are the intimate stress results obtained ifi the material both 
as cast, and after ficat-treatment, when tested both at the ordinary 
temperature and at 2^0° 0. In addition, in order to ascertain the 

TABLE 4. 

Alloy “ Y" 1 -inch diameter Chill*. 


Treatment. 


Ultimate Stress. 
Tons per square inch. 


As Cast. 

Tempered 48 hrs. at 250° 0. 

IIkat Treat*: n. 

(1) Open Muffle:— 

6 hrs. 480° C. quenched and aged . 

„ „ tempered 4$ hrs. at 250° C. 

48 hrs. 480° C. quenched and aged . 

„ „ tempered i8 hrs. at 250° C. 

(2) Nitrato Bath:— 

f> hrs. 480° C. quenched and aged . 

„ „ tempered 48 hrs. at 250'' 0. 

• • 

48 hrs. 480° G. quenched and aged . 

„ „ tempered 48 hrs. at 150° C. 

(8) Nitrate Bath:— 

0 hrs. 580° G. quenched in boiling water 
and aged. 


15° 0. 
12 G 


14*9 i 

| 

131 j 

IS 8 

13-8 j 


M-r, 

13-2 | 

! 

l(i’O' ! 

1G-0 


21 o; 


250° G. 
10-5 

8-6 


11- 3 i 

10-1 

12 - 0 

9-4t 

12-8 

11-0 

13-7 j 

12-0 


* Maximum ext. at 15° 0. 2-25 per cent on 2 inches, 
t Maximum ext. at 250° C. 8-75 per cent on 2 inches* 

J Extension at 15° C., 6’5%. 

effect of prolonged heating at 250° C. on alloys which have been 
.heat-treated*ifi the manner described, tests hav% also been made 
both at the ordinary" temperature and at 250° C. on specimens 
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which, subsequent to hcat-treatmqnt, have beer, tempered by 
heating for 48 hours at 250° * 

It will he seen on inspection of the Table, that heat-treatment 
produces verv important improvements,!'! the (ensile strength of 
the material, hotli when tested at the, ordinary temperature and 
at 250 t \1. The effect of prolonged heating at 250" 0, upon the 
tensile strength hath at the ordinary temperature and at 250° C. is 
very marked on the material as cast. After heat-treatment, the 
effect of prolonged heating at 250° C. appears to be very 
considerably less. In a heat-treated easting of alloy “ Y” it will be 
seen that the tensile strength of 1G tons per square inch is 
unaffected by two days’ tempering at 250° 0., although it falls 
to 12 tons per square inch if tested at 250° 0. The latter figure, 
however, must be compared with 10'5 tons per square inch, 
w hich represents the tensile strength of the material as cast and 
tested at 250° (!. The elongations, as indicated in the footnote to 
the Table, are. practically unaffected by boat-treatment. The 
effect of tempering and of testing at 2(5('°4l. material which has 
been heat treated at 530" has not yet been fully tested. It is 
interesting to add, that heat-treatment of this kind is now carried 
out in regular industrial practice at the Royal Airship Works at 
Oardington, and that an ultimate tensile stress as high as 20 tons 
per square inch was first obtained there. The. importance of so 
marked an improvement in the strength of castings of alloy “ Y ” ljy 
a comparatively simple heat-treat,ment is, of course, obvious. It 
should open up field of application for aluminium alloy castings 
which the relatively low strength of such material has hitherto 
rendered impossible. 

In connexion with the heat-treatment of castings of alloy “ Y,”* 
the microstruotures of the, material in the various conditions have 
l>een carefully studied. These are illustrated in Figs. 23 to 28, Plate3, 
Fig. 23 shows th„ alloy as cast, unetched, under a magnification 
of 150 diameters. The same structure after etching in hydrofluoric 
acid, which darkens the aluminium-nickel compound (J^iAl,) 
is shown in Fig. 24 under a magnification of-400 diameter?. 
The same structure etched with hot nitric acift, which probably 
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darkens the ,copper compound (CuAl) is shown in Fig. 25 
also under a magnification ol 100 diameters. Fig. 26 shows the 
structure of the cast material after heating for six hours at 
530° C., quenched in cold water. This section hid not been 
etched, and is shown under a magnification of 150 diameters.. It 
will he seen that the amount of free compound present is jr.atcnally 
less than that shown in Fig. 23 prior to heat treatment. Fig. 27 
shows the same structure, as Fig. 26 under a higher magnification, 
500 diameters. The very large effect which is produced on the 
struct ure of the annealed and quenched alloy by re-heating it to _ 
500° (J. followed by slow cooling is illustrated in Fig. 28 upder 
a magnification of 500 diameters. Here a large amount of a dark 
etching constituent is present. The alloy in this condition lias of 
course, been completely softened and will undergo no appreciable 
hardening by subsequent ageing. This micrograph clearly illustrates 
the fact that the age-hardening property of the alloy after heating 
and quenching is due. to the retention, by quenching, in solid 
solution of one or mhre'of the compounds present. As indicated 
in the section on the constitution of these alloys, the subsequent 
age-hardening is no dohht due to the separation of this dissolved 
compound in a very finely-divided state 


Section ITT. 

Wrought Allots. 

The present Section deals with alloys capable of being wrought 
by such operations as forging, rolling, extrusion, .cold drawing, etc., 
and relates not only to the mechanical properties of the^lloys when 
heat-treated, but also to their behaviour while undergoing working 
and describes the methods which have been studied and adopted 
for Wrcoming the numerous and serious difficulties which were met 
at etoystagwin endeavouring to forge and roll-alloys which had 
hitherto been regarded as unsuited for treatment of that kind. 
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MI(«). • The 4 ernunj mwjs uj -i i <nntn lam , zime ajia copper. 

- • 

In viihv oi the. results and anticipations indicated in the Tentli 
Report to the Alloys Research Committee^ the first step undertaken 
was a preliminary exploration of the behaviour and properties of 
the tejmi^y alloys of copper and zinc with aluminium. Remarkable 
results already obtained with one of these alloys (3/25) were given 
in an Appendix to the Tenth Report, but before proceeding to a more 
detailed study cither of that alloy or of any other member of the 
group, it became desirable to ascertain the range of properties 
which might become available by variations of composition in 
either direction This preliminary work, carried out before the 
experimental rolling-mill at the National Physical Laboratory was 


Flo. 29. 



available., will only be briefly described here, mainly for the 
purpose of showing, first, the very great difficulties which were 
encountered so long as rolling experiments had to be carried out in 
an industrial plant under conditions which could not be easily 
regulated to suit the materials under trial, and in the second place, 
in order to record interesting data which have been obtained in 
regard to a number of alloys Vhich may prove to be of some 
permanent jptercst, although they have not been chosen for further 
careful study in tin present research. 

The ternary alloys of copper and zinc with aluminium which' 
were chosen for this preliminary work, are tabulated in Tabft ^ 
which gives both the composition aimed at and the actuuj composition 
of the qjjoys as found by analysis. The tertiary «lloys tested are- 
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Jiown ii'i Ijtu'ir relation to the liiisnl diagram of the ternary system 
n Mg. 29. ,fn addition to 'these, a numher of special alloys 


TABLE 5. 

<• 

(Jonijionii^m of Ternary Alloy Hillets lit tiled. 


- - - P 

Composition per cent. 

Melting [ Intended. , Found by Analysis. 


, 

Zinc. 

Copper. ■ 

Zinc. 

Copper. ' 

Iron. 

Silicon. 

II 1 

5 

l 

4 j 

4'61 

3 "02 

o-io 

0-14 

2 

6 ) 

j 

4'71 

2-67 i 


- 

3 

10 

3 

y-jG 

2*75 ( 

! 



4 

10 


14 74 

2-50 j 

— 

— 

b 

25 

V ' 

, 23-48 

2-07 1 

- 

- 

(> 

5 ^ 

1 

( 3 ' 5 

2-31 


- 

7 

10 

. j 

2 ; 

) 7'38 

1-76 


- 

8 

15 

| 

1 13•03 

1-04 

— 

— 

9 

20 , 


> 18'95 

1-60 

- 

- 

10 

5 


l 4-70 

0-87 

- 

-- 

u 

10 

4 

j 9-91 

0-94 

„ 

— 




4 . 




w 

20 


1 18-15 

0-80 

0-16 

0-12 

w 

30 

3 

28-73 

2-87 


- 

4 A 

20 

3 

20-52 

3-13 

- 

— 

5 A 



1 “ ' 

3-13 

_ 

- 

0 B 

25 

3 

1 25-25 

2-90 

_ • 

— 

6 C 



l 24-47 

2-78 

- 

- 


were L a^so prepared in order to test the effect o£ the addition of 
'magnesium and t of certain impuritieB. The compositions gi these 
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ilso are indicated iit the Talile, but they cannot be represented on 

O • 

[, he* diagram. * 

The preparation of these alloys was carried out on much the 
same lines 5s those adopted in connexion with tin; work described 
in the Tenth? Report, both the zinc and aluminium used being of 
the sarp,e quality as that described there. The copper employed 
was remelted refined electro-copper. The materials used for this 
portion of the research were kindly supplied free of charge by Messrs. 
The British Aluminium Co., Ltd., as regards aluminium, the. zinc 
by Messrs. Brunner Mornl and Co., Ltd., and the, copper by the 
Broughton Copper Co. 

The alloys were melted in quantities of from 20 to 25 lb., 
sufficient to allow tbc following castings to be made : — 

(1) One 3 lueb diameter chill east billet, 11) inches long. 

.(2) Three chill castings, 1 inch diameter by 7 inches long, and 

(3) Four shaped sand castings. 

The melting was done in salamander csucibles, closed with a lid, 
in an oil-A - si injector furnace. No charcoal or flux of any kind 
was used. The aluminium was melted first, the copper added next 
as 50 per cent copper-aluminium alloy, and the zinc added last. 
The melts were stirred with a graphite rod. In weighing out the 
alloys no all jwancc was made for loss of any of the various metals ; 
in some of the earlier melts the compositions found by analysis 
showed somewhat considerable variations from those aimed at. 
With latei melts, however, where, the temperature conditions were 
regulated by means of pyrometers in the molten metal, more 
satisfactory results were obtained. In these, preliminary melts, 
pouring temperatures were not determined, but merely judged by., 
eye. 

The rolling of the alloys was carried out at the rolling mills of 
tlie British Aluminium Co., at Milton, Staff., by the kind permission 
of the Company. Every possible facility and assistance was given 
to the Authors in carrying out thik work, in spite of the factrthSt 
it necessitated some interruption of the, regular production‘work of 
the mill. It was not, however, possible to alter t|>e speed of rolling 
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or the passes provided in the rolls, and these were all adjusted to 
suit the very sdft material normally treated, namely, pure aluminium. 
These rolling experime,nts were carried out at various da'tes between 
July, 1010. and April, 1913., Before the latter date, the Authors had 
reached the conviction that success in work of this kind could only 
he assured if rolling operations could he carried out in ^-special 
experimental mill under their own control, and the erection and 
installation of the necessary plant at the National Physical 
Laboratory had at that time been begun. 


Rolling anil Drawing Operations at Milton. 

The procedure adopted was the same as that described ill the 
Tenth Iteport, namely, preliminary breaking down, hot, from 
3 inches diameter to 1 ] inch diameter. The rods so obtained 
were then divided, two 18-inch lengths being cut from each and 
reserved for drawing operations, while the remainder was reheated 
and further hot-rolled tp rtids of | inch diameter. 

In the case of the first scries of billets rolled (HI to H12, 
Table 5) , no attempt was made to determine the actual temperature 
of the billets during hot-rolling. The billets were preheated in 
the manner usually employed in the case of pure aluminium, to a 
temperature of about 400° C. in one of the ordinary muffles used for 
aluminium. 

• I 

With the exception of the hardest alloy, H5 (3/25), no serious 
difficulty was experienced in breaking down to 1] inch diameter 
rods. In the ease of the 3/25 alloy, a portion of the billet broke up in 
the early stages, its behaviour suggesting that too high a breaking 
•down temperature had been employed. On allowing the remaining 
sound portion to cool somewhat, it Was successfully rolled to 1| inch 
diameter. 

On a later occasion, when melts H13, 4A, 5A, 6B and 5C, were 
rolled, the temperatures of the billets were measured by thermo¬ 
couples. In order to do this, without boring a hole in the billet, 
a small aluminium casting having a saddle shape and grooved on its 
„ under side, was placed* on the billet and heated with it ag shown 
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in section in Fig. 30. Before rolling, the billet w vs drawn to the 
front of tlio muffle and its temperature determined by inserting 
the thermo-couple in the groove between I addle and billet. The 
use of this device led to a distinct improv.eu out in the breaking down 
of the, harder alloys 3/25 and 3/20. Tt was *oon found that in the 
case o." tlmse alloys, temperatures considerably below 4(X)° C. were 
most favourable for breaking down, and temperatures determined 
in the above manner, as low as 300° C. were satisfactorily employed. 


Fig. 30. 

Scale.—Hall size. 



The liebaviou" of other billets which gave interesting results is 
indicated in the following tabulation : — 

H5 A (3/25) Boiled av 305“ C.—Billet fell to powder at the first pass. 

H5 C (3/25) Boiled at 300° C.—Rolled to If inch—fin cut oil, rod re-heated 
and rolled to 1-inch diameter. 18 inches 
re heated and rolled to 5-inch. 

1113 (3/30) 11 *lled at 290° C.—Roiled to if inch,but showed bad cracking 

114 A (3/20) Rolled at 310° (j.--Rolled to lj-n.ch di.ameter. 18 inches 
r«-hoated and rolled to 5-inch diai^jtdf, 

• 

In addition uo the billets which were intended for rolling into 
rods, ^certain number of slabs bad also been east in a sand mould, 
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measuring 13] inches by 10] inches, with a thickness of 1J inch, 
the. materials iise<l being H5 (3/25) anil H4 (3/15)._ These were 
broken down at 300° ('. and 290° <’. respectively to if gauge 
(0-144 inch). The blanks thus obtained were divided into two, 
and one-half of each''annealed at 400° C. and subsequently cold 
rolled to 10 gauge (0-072 inch). The, finished sheet .-allowed 
considerable surface spill and serious edge cracking. Tests of this 
sheet in the case of the 3/25 alloy have already been given in the 
Appendix to the Tenth Report, page 113. 

Co'd Drawing. 

Attempts at cold drawing were made on the hot-rolled rod 
obtained from the experiments described above, both without 
any annealing, and with preliminary and intermediate annealing 
at about 400° C. In the absence of annealing very limited success 
was obtained. Only the alloys of low zinc and copper content 
could be reduced to {;! inch diameter. The alloys 4/5, 3/5, 3/10, 
3/15, 2/20 and 1 /20 broke before this stage could be reached. 

When annealing at 400° C. was used, all the alloys from HI to 
HI2, with the exception- of 3/25, were drawn in two draughts to 
1 inch diameter, after a preliminary annealing. After a further 
annealing, drawing was continued and was successfully accomplished 
to {;; inch diameter except in the cases of alloys 4/5, 3/15, 2/20 and 
1/20, which drew hollow and broke. Further cold-rolling from 1} 
inch diameter rod was attempted on a later occasion with the alloy 
3/20 (melt H4 A) and 3/25 (melt H5 B). These and subsequent 
efforts, however, failed until at a very much later stage, when, 
as the result of work carried out with the experimental mill at the 
‘National Physical Laboratory, the properties of these materials were 
better understood. Ultimately, tlie4)/20 alloy “A " was successfully 
drawn from 0-5 inch diameter rolled rod to 13 gauge wire by 
Messrs. Henry Wiggin and Co., Ltd., at their Birmingham works. 

11 Density. 

the density of the ternary copper-zinc-aluminium alloys studied 
yt thb form ,cE |-inch hot-rolled rod has beeif determined at 
atmospheric temperature by the Metrology Department % of the 
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Laboratory. The results for the 1 2 and 3 per cent; copper series, 

and for the alloy containing copper i, zinc 5 per cent respectively, 

« * 

are shown in the graphs of Fig. 31. T ,i the case of other 


Fig. SI. Density. » 
Grammes per cubic eeutimotre. 
4-inch Rot-ltollcd Bod. 



wiought alloys studied, results are included in the summary Tables 
of Section III (e). 

Mechanical Properties. 

The complete study of the mechanical properties of the material 
obtained from the rolling experiments described above, has tfever 
been carried out, owing to conditionswhich have alrenjy been referred 
to. Tip tests which have, actually been carried out are indicated in 




TABLE 6 .—Summary of Tests made. 


52 


ALLOYS RESEARCH. 


o 


fs 

i 

1 


1 

X 

1 

1 

1 

'1 

1 ' 

SG 

CO I 

>o 

Cl 

X 

X 

X 

] 

X 

1 

1 

1 

1 

! 

< 

>o 


IS 

1 

1. 


1 

1 

1 

i 

J 

1 

1 i 

< 

-* 

CO 

O 

Cl 

X 

X 

X 

1 

X 

1 

1 

1 

1 

1 ! 

CO 

T—1 

CO 

o 

CO 

X 

1 

1 

1 

1 

1 

1 

1 

1 


Cl 

H 


a 

X 

X 

1 

X 

I 

X 

X 

X 

X 

1 1 

- 

- 

o' 

X 

X 

1 

X 

1 

X 

X 

X 

X 

1 

o 


.. 

(° 

X 

X 

1 

X 

i 

1 

1 

X 

! 

X 

Cl 


o 

d 

X 

X 

1 

X 

1 

X 

1 

X 

X 

1 

co 

Cl 

iO 

iH 

X 

X 

1 

X 

1 

1 

1 

X 

! 














t- 


O 

r—i 

X 

X 

1 

X 

1 

X 

X 

X 

X 

1 

o 


•O 

x 

X 

i 

1 

! 

1 

1 

X 

1 

1 i 

»o 


Ut> 

d 

1,. 

X 

1 

I 

1 

1 

I 

1 

1 

X 1 

-* 


»o 

tH 

X 

X 

1 

X 

1 

X 

1 

X 

X 

X j 

CO 


o 

*< 

X 

1 

X 

1 

X 

X 

X 

X 

* 

Cl 


lO 

X 

X 

I 

X 

1 

I 

i 

X 

1 

1 

rH 


»o 

X 

X 

1 

X 

I 

1 

1 

X 

1 

1 

1 

M 

1 

u 

© 

CL 

CL 

o 

a 

‘ 




in. rod 







O N 


CL 

a 


a 

a 

o 

ft 


ffl a 


•PW 


xi 

i 


H 

© 

r3 


I 

Tl 


r-1 N» r-tN 


& 

w 


xi 

I 

T3 


I '*** 

S w 

w 


I 

I 

u 

*5 

03 




Arnold Test 














Tons per sq. inch. 


ALf.OVS RESEARCH. 


53 


Table 0, whore page references to results of the various tests are 
iribluded For the purpose of completing „6 ascertain extent 
the av^ilaBle data, a few of the tests referred to in Table 7, and 
quoted in detail below have been carried out in the present year 
(1920), neafly 10 years after the material u’as rolled. This fact 
is of some importance, as showing the properties of material which 


Fig. 32. —Tensile Tests on Hot-Rolled Rods. 
l£-inch diameter. 



has undergone the ageing process, to which reference is made below, 
# to a very.complete extent. 

Tensile Tests on Hot-Rolled Rods inch Diameter 
and l incll Diameter. 

The results of tensile tests carried out on teat-iaee.es of'sftmdard 
shape (B.E.S.A. Tost-Piece 0) with screwdtl ends, are shown in the 


Elongation per cent on 2 inches. 





Tons per sq. inch. 
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graphs of Figs. 32 and 33. In these graphs. the zinc content 
of the alloys rs ifsed as abscissa and the tensile strength <us 
ordinate, while the points plotted from the result's uf Beries of 
alloys ha ving the same copper content are united by the Hires forming 
the graphs. There ar;e, therefore, graphs representing' alloys with 


Fig, 33. —Tensile Tests on Hot-Rolled Rods. 
g-inch diamotcr. 



varying zinc content and containing respectively 1, 2 and 3 per cent 
of copper. In regard to alloys containing 4 per cent of copper, one* 
only was successfully rolled, so that there is a single point for each 
propSrty of this alloy instead of a graph. In order to diminish the 
number of segacate graphs on the same Figure, <the results for 
reduction of area, arc plotted in separate Figures, Nos. 34 and 


Elongation per cent on 2 inches. 
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35. For uurpose ol comparison, however, tiie results from pure 
afiniinium-zinc alloys are shown on the latter chagrins. 

It will fifteen that the graphs for the two series of rods are very 
similar, b#t there is s%me superiority m elongation in the case of 
the -g-inch Tliamete.r material. Tests on roj i inch diameter are 


I’m. 34. — Reduction <if Aten. Hut-Rolled Hod. 
1 pinch diameter. 



0 5 iO It) 20 25 


only available in the case of alloys 3/20 (114 A) and 3/25 (H5 B). 

"These show a «K«hf superiority in ultimate stress and a considerable 
increase in elongation over the J-incli rod. Thf results are shown 
in Table 7. 

All the graphs indicate, as might bo expected^ an incfease^of 
hardness with increase of copper content! Copper is found to be 
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a more potent hardening agent than zinc, and this fact is well 
brought out inrtludgPaphs of Figs. 36 (page 60) and 37 (page 62), 
where, the specific tenacities for the 3 per cent copphr ternary 

, 'table 7. 

Tensile Tests —Hot-llotlcd to inch Diameter. 


Alloy. 

Yield stress. 

Ultimate 

stress. 

Elongation 
per cent 
on 1 inch. 


Tons per 
square inch. 

Tons per 
square inch. 


.1/20 (114 A) . 

2U2 

27-0 

25 

3/25 (list!) 

27*1 

31-7 

21 


alloys in the form of J-inch diameter hot-rolled bars arc plotted 
against density and zinc content respectively. 

TABLE 8. 

I 

t Tensile Tests on Material lhird-Drawn from ^-inrlt Diameter. 


Material. 

Yield 

, Ultimate 

Elongation per cent 

Stress. 

Stress. 

on 2 inches. 

3/20 Ailoy. 

(HiA) Brawn i y). inch. . 

Tons 

persq.inch* 

32-8 

Tons 

per sq. inch. 

34*1 

7-5 

3/25 Alloy. 

«(H5B) Drawn inch. . 

24 4 

32'8 

11 

(H5G) Drawn ^ inch. . 

310 

* 33-3 

12'5 


Tcn.yk Tests on Hard-Drawn Material. 

ViMsilc tests on the hard-drawn material have, been carried out 
iu a ,similar manger to that employed in the case of*the liot-rolled 
rol, but, as already indicated, a number of these rods broke or drew 
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hollow (luring the-process of production, so tha t the results must 
b('regarded as of dou'btful value. 

Soi.ro dhfca representing the results of tensile tests on material 
obtained from the attempt to draw 1-inch rod down to lower 
diameters ate. shown in Table 8. 


Fig. (JO .—licducliun of Area. ][ul-lli>llcd Hods. 
(-inch diameter. 
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Elastic Properties of the Alloys. 

Determinations of the elastic modulus and the elastic limit 
(limit of proportionality) on the material now under consideration 
have only been carried out it* the present year (1920), nearly ter 
years after the alloys had been rolled. These determinations wert 
"carried out in the Engineering Department of the National Physica 
Laboratory and were made on test-pieces O'5 hioli diameter am 
8 inches between gauge marks, the. material used being both bot^offet 
J-inchdiamete»and hard-drawn (;; inch diameter r#d. Stress-straii 
diagrams and elastic curves derived from the*>c observations si 
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far as they • relate to the hot-rolled material arc shown in Pigs. 
38 (page (i'i) add 3if (|)ago, (it). The values found for elastic Unlit 
and modulus are given in Table 9 where the alloys art arranged 
in the order of increase in elastic limit. ‘ * 

The values of tlnj yield and ultimate stress, elongation and 
reduriion of area obtained from these 8-inch test-pieces are, given 

TABLE 9. 

lilastic iVopeWi’ex—j-bir/i diameter Hnl-liolled and j ( :-inch diameter 


Alloy. 

flard-Drami Rod. 

Elastic Limit. 

Elastic Modulus. 

llot-Boiled. 

Tons per sq. inch. 

Lb. per sq. inch. 

2/10 (1I7H) 

5'5 

10*00x10* 

1/10 (HUB) 

8-0 

0*07 

3'10 (1X3 B) 

8-7 

9*74 

3 15 (H4It) 

12-0 

0*74 

2/20 (HOB) 

12-2 

0 07 

1/20 (H12B) 

13-1 

0*57 

Hard-Drawn. 

2/10 (H7D) 

8-7 

0*88 

3/10 (H3H)* 

0-3 

0*45 

1/10 (Hill)) 

10-0* 

0*74 

1/20 (H12D) 

11*8 

0*51 


in Table 10 in the. columns headed " Ten years,” these words 
indicating the age of the specimens on which the tests were carried 
out. For purposes of comparison, in an adjoining column are staled* 
the corresponding data from tests on 2 inch test-pieces made at a 
tiilfewhen the same alloys were orfly seven weeks old. 

Th» flbove 'fable show's the important fact tfat the, tensile 
properties of this ,series*of alloys in the hot-rolled condition have 
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undergone a material improvement in the course of ten years 
ageing. This improvement takes the form ot e marked increase in 
ultimate sfress and yield without a serious reduction of ductility. 
The elastiiMimit values obtained are high in comparison with accepted 

TABLE 10. 

inch Diameter Jtod. Aijcd 7 Weeks and 10 1 ears. 
Hot-Rolled and Hard Drawn. 


i 



Yield. 

Ultimate. 

Elongation s 

Reduction 

Alloy. 

Tons per : 

Tons per 

per cout on 

of Area 


sq. inch. ^ 

sq. inch. 

2 inches, j 

per 

cent.. 


; io 

1 

10 

! 10 1 


10 

Hot-rolled - 

J years. 


years. 

. years. 


1 years. 

2/10 (117). 

7-8 ! 9*5 

13-1 

14*9 

30 ! 27 

57 

! 56 

1/10 (HU) . 

7-4 11-7 

13*7 

17*0 

20 27 

51 

! 54 

3/10 (113). . 

9-7 1 13-5 

17*1 

19*0 

24 21 

42 

42 

3/15 (HI). . 

13*0 1 — 

21-6 

24*2 

i 22 , 22 

30 

39 

2/20 (11 1). . 

10*4 i 

24*2 

20*0 

21 | 20 

3G 

29 

1/20 (1112) . 

16-S 23*6 

1 

24*2 

i 

26*2 

24 : 20 

39 

29 

Hard drawn — 

1 

i 


i 1 


1 

2/10(117). . 

' 14*4 j 15-0 

1G*9 

17*9 

13 1 10 

— 

1 26 

3/10 (lib). . 

! 7-8 | 

14-G j 

12*3 

ft " 1 

- 

13 

1/10(1111) . 

13-8 : 15*8 

If* *2 i 

18*5 

15’ 1*1 

- 

33 

1/20 (H12j . 

20*1 1 24*5 

! 

23*8 ! 

_ 

25*1 

0 4 

! 

— 

15 


values of other wrought alumijiium alloys of similar density in this 
condition as hot-rolled. 


Further Tests on the Alloys, i 

It had originally been intended to carry out the systematic 
testing of these alloys in the very complete manner which’h&s been 
applied to the alloys of aluminium and V.inc m described in the 
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Tenth Rcpdtt. ,In view of tlx; evident superiority, of certain of 
the alloys, this\ery extensive program has never beep completed. 
Certain additional tests were, however, carried out, and the'results 
are recorded below. 

L’ia. 3C>. Spmjic Tenacity. 



Alternate Bending j'esls {Arnold). 

A series of test-pieces of these alloys, similar to those prepared 
from the aluminium-zinc series described in the Tenth Report 
were, tested by tflo kindness of l’rofessor .1. 0. Arnold, F.R.S., in 
his ferial alternate-bending testing-machine at SheffieldUniversity. 
The trtt* were carried out at the same time as those ottlie aluminium- 
zinc alloys, and lVofoss&r Arnold's remarks relating to these tests, 
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Alloy. 


It 30 (H4) 


3/25 (115) 


1/5 (1110) 


3/10 (113) 


3/15 (II I) 


TABLE 11. 

• 4 

Arnold Tests. 


Alternations 
Kudu red. 

f.l 

60 

52 

48 


40 


88 


40 


42 * 


CO 


G2 

CO 

02 

58 

08 

62 


Cl 


Mean. 



\ 

oi-o 

/ 


03-0 



52 


58 
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as quoted oil p. \34 of the Tenth Report, apply equally to the present 
series. The, results are contained in Table 11 (page (ill. 

H aril ness Nujnhcrs. 

I 

The hardness numbers of the alloys from III to 1112, see Table 5 
(page 46), have been determined both by the Brinell and Rclw'oseope 


Fin. 37 .—Specific Tenacity. 


5-inch diameter Tiod. Hot-Hollod. 



methods, the tests being made on transverse sections of hot-rolled' 
rods 1£ inchdiamA,er. The Brinell tests were made with a9 - 52 mm. 
baft and a load of 1,000kg., whife the Sclerosoope readings were 
obtainedVith thtf universal hammer. The results are shown in the 
graphs of Fig. 40 (pfige 65}, The results shown in that Figure afford 
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[Stress in tons per sq. iucb.l 


Extension. 




Lrinell Load (kg.) x 'raciiu.a of ball. 

Area ot indentation (mm ; v 
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interesting comparison with the results of a simijar series of tests 
niude on samples of the same material aftm tot* years’ ageing, 

PiG. 40 , -IIariw-s. ‘ 

1 J-inch Hot-Ttolloi ltod. 



which are given in the section dealing particularly with that subject 
Section iy (a), (p. 155). 

Microstrudure of the Alloys. . 

The microstructures of these* alloys present no very striking 
features, of her, than those already met with in the alloyk «f zinc 
and aluminium, with the exception that the presence of the copper- 


Seleroscope. 
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aluminium compound, CuAL,, makes itself felt l)y the presence of a 
dark etching constituent. The study of the equilibria of the ternary 
alloys, as described in Section V., p. 196 of the present report, 
indicates thatthe copper compound in quantities corrsponding 
to 3 per cent of copper should, in equilibrium, disappear from the 
microstructure, passing into solid solution in the aluminium. As 
actually manufactured, however, the alloys always show the presence 
of the dark-etching copper compound. The structures actually 
met with are illustrated in the four micrographs of Plate 4. Figs. 
41 and 42 relate to alloys containing 5 per cent of zinc and 1 
per cent and 3 per cent of copper respectively. The increase in the 
amount of the dark etching constituent in Fig. 42 as compared 
with 41 is evident. Similarly Figs. 43 and 44 relate to alloys 
containing 20 per cent of zinc and 1 per cent and 3 per cent of 
copper respectively. All the micrographs are shown under a 
magnification of 150 diameters. 

Further*Study of Selected Alloys. 

The material obtained as the result of experimental rolling 
described above, and the results of tests made upon that 
material, furnished the Authors with a series of data which 
clearly indicated the existence of an important and promising 
group of alloys of the ternary system, eopper-zinc-aluminium. In 
many cases the material in question was not entirely above suspicion 
as regards its quality from the rolling point of view, and only 
occasional billets of some of the alloys had been successfully rolled. 
The results as they stood, however, were sufficient to indicate that 
the harder alloys of the group, such as 3/25 and 3/20, possessed very 
remarkable properties, combining yitli a reasonable degree of 
ductility a specific tenacity quite as high as, or even slightly higher 
than, that of the best aluminium alloys available at t&at time.* 
These copper-zinetaluminium alloys possess the further advantage 
th<tt 4b e y require no heat treatment, such as quenching and ageing, 
in ordef to develop their best qualities. It was also hoped from 
tlrf outset that one or oilier of these alloys might form the basis 
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for further advance by the addition of other elements. Experimental 
billets containing various added elements in quantities of 1 per cent 
and notably a set of billets containing J per cent of magnesium had 
been prcpa.ed in the course of the preliminary work, and an attempt 
had been made to roll them at Milton. Wi^li the exception of a 
billet containing 1 per cent of iron, however, all these experimental 
materials broke up completely in the rolls. The Authors, none the 
less, felt confident that this early failure resulted from causes which 
could be overcome by a careful systematic study of the alloys and 
of the. methods to be employed in rolling them. In spite of the fact 
that they were assured by some of those most conversant with the 
properties and behaviour of aluminium alloys, that materials 
containing as much as 20 per cent of zinc must be regarded as 
suitable only for casting, and that such alloys could never be 
commercially rolled, the Authors considered that more exhaustive 
study would enable them to overcome these difficulties. They may, 
perhaps, be permitted to claim that their confidence in this respect 
has been fully justified by the results actually achieved. The 
fundamc ital face remained at the outset that on several occasions 
billets of these alloys had been successfully rolled, so that, provided 
the conditions which had accidentally occurred on those particular 
occasions could be studied and determined, systematic success 
should bt obtainable. 

Thanks to the installation at the National Physical 'Laboratory 
of a well-equipped foundry and rolling-mill specially designed for 
experimental w>>rk on light alloys, the Authors have been enabled 
to undertake tlie systematic study of the rolling of the harder alloys 
of zinc, copper, and aluminium, as well as of other alloys which are 
referred to in a latei; flection of this Report. As a definite reimk 
achieved by this study, they are now able to report the development 
of a series of aluminium alloys, some of which possess properties 
which are as yc. mite unrivalled by any similar products developed 
elsewhere Not only have these alloys been developed and produogd 
on an experimental scale in the Laboratory, but their production 
has been sucoes-fully transferred to a full-scale plant operating under 
industrial conditions, and successful production in that plant has 
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been rapidly and easily achieved on the basis of "the ^results already 
obtained at Addington. In addition to die development di a 
definite series of alloys, a large amount of valuable information has 
been obtained in regard to,the gener/d problems of rolling some of 
the more difficult all >ys of aluminium, and incidentally also in 
regard to their behaviour on casting. , t 

The systematic work in question, although rendered possible by 
the special and almost unique equipment which was placed at the 
Authors’ disposal for the purpose, was carried out under war 
conditions which in many respects very much retarded its progress, 
the systematic work being frequently interrupted to allow of the 
solution of other problems which appeared to be more immediately 
pressing. The amount of work actually carried out was, however, 
very large, and within the scope of the present Report it is not 
possible to do more than to record it in very brief outline. 

The Experimental Foundry and Rolling-Mdl. 

The experimental foundry where the melting and casting of all 
experimental alloys has been carried out, occupies a floor space of 
60 feet by 27 feet. A 'general view of the interior is shown in 
Fig. 45, Hate 5. The metal-melting furnaces, which include one 
natural draught furnace of the Richmond type, a blast-driven 
injector furnaee by Fletcher Russell, and a mould-heating stove, 
oqcupy a trench which is covered over by a steel grating in such 
a manner that the^top openings of the furnaces are flush with the 
floor. The remainder of the foundry is occupied by recuperative 
gas-fired furnaces of a larger size, and by electrically heated furnaces. 
The experimental meltings of aluminium alloys have usually been 
harried out in the Richmond natural draught furnace. A 
pyrometric outfit is provided, whhreby the temperature of the 
metal, both during melting and prior to casting, can he determined. 
There are also electrical connexions to the accurate temperature- 
njeasuring apparatus situated elsewhere in the department. 

The moulds employed for casting material intended to be used 
fqr fofging and*rolling, are either circular cast-iron* chills, 3 inches 
diameter and 19 inches tong, or slab moulds of various sizes ranging 
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from 12 inches by 5 inches by § inch tbiok to H :|icaeS by 7 inches 
by ' JA inch thick. In connexion with the casting of the larger 
slabs, ‘where it was found desirable to tilt the mould during 

ft 

pouring, Especial mould-tiltijig machine has been designed, the 
actual construction having been carried out at the Cardington 
Airship Works. This appliance, with a slab mould in place, is 
shown in the photograph Fig. 46, Plate 5. 

A general view of the experimental rolling-mill is shown in 
Fig. 47. Plato 6. It consists essentially of a pair of housings capable 
of accommodating a two-high stand of rolls measuring 30 inches in 
width and 15 inches in diameter. Originally two sets of bar-rolls 
for breaking down and finishing, respectively, having a “ Gothic ” 
section were provided. Subsequently a set of bar-rolls having 
approximately circular grooves were also provided, as well as a set 
of breaking down and finishing rolls for sheet rolling. By means of 
the travelling crane and some special appliances, roll changing is 
considerably facilitated and can be carried out in approximately 
two hours. The rolls arc driven through Kie usual tumbler joints 
and gea,.ng by means of rope drive from a 60 H.P., D.O. electric 
motor, which is, however, capable of withstanding 100 per cent 
overload for a short time. The rope drive from the motor goes 
through a 7J-ton fly-wheel 8 feet in diameter. The electrical power 
for driving this mill is derived from a large storage battery. This 
form of drive was adopted because the local power supply company 
declined an experimental rolling-mill as a load on their ordinary 
lighting circuit, it has, however, the very great advantage that 
by varying the voltage applied to the motor, the speed of the mill can' 
be regulated in any desired manner, and switchboards for this 
purpose are provided. In this manner the linear velocity of tht> 
rolls can be varied from 50 fe&t to 200 feet per minute. 

One pqjnt which required special consideration in an experimental 
mill of this kind ,ras the temperature of the rolls themselves. -In 
regular industrial working, the rolls attain a steaefy and fairly high 
temperature, when hot-rolling is being carried out, simply bg the 
supply of hoat v whieh they receive from the slabs hr billets*whiph 
amassed through. In an experimental'mill, where #nly a few 
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pieces are rolled $t ^any one time, it becomes necessary to beat the 
rolls to a snitanle temperature before rolling is commenced. The 
arrangement finally adopted for this purpose consists of two rows 
of gas-burners, which can by temporarily placed so that the flames 
play on the rolls whilq.these are slowly revolved. The temperature 
attained by the rolls is measured by means of a thermometer inserted 
into a small hole drilled into the shoulder of the roll about 0‘5 inch 
below the surface. The arrangement is shown in place with a pair 
of grooved rolls in Pig. 48, Plate 6. 

In addition to the rolling-mill proper, the building contains 
several other appliances, including an electrically-heated pre-heating 
furnace. A general view of this furnace is shown in Fig. 49, Plate. 7. 
It consists essentially of a steel tube, 12 inches in diameter by 7 feet 
in length. This is heated by a resistor formed of nichrome ribbon 
wound upon the steel tube, a layer of micanitc being interposed. 
The whole is insulated with magnesia bricks and contained in an 
iron-framed box, sheeted with uralitc. The windings are so arranged 
that various sections can be connected either in series or parallel 
as may bo desired. In order to minimize the cooling effect of the 
ends of such a furnace, the stoppers which arc used for closing the 
ends are also provided with electrical heating coils, Fig. 50, Plate 7, 
and in this way a remarkable degree of uniformity of temperature 
within the furnace is achieved. This furnace was constructed in 
thp Laboratory in 1915, and has served for the whole work of the 
rolling-mill in regard to light alloys for over five years. A total of 
well over 1,000 heats have been casmed out in it, and the furnace 
has so far required no repair or attention at any time. It runs ata 
temperature of 400° C. with a current consumption of two kilowatt*, 
ltut a larger current consumption is required while the furnace is 
being heated up. A much smaller fufnaeo of BomcwJiat similar typc ( 
but capable of heating only one billet, is also provided. t 

Particular attention was given to the exact determination of 
„h| temperature o\ billets and slabs when heated for rolling purposes 
in th*e electric pre-heating furnace. The ideal method in every 
oajo would be ft> insert a thermo-couple in a smalt hole actually 
drilled in lie billets or slabs being heated. This, however, is pot 
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possible owing to the damage to the slab or billet which would be 
caused by such a hole. The plan adopted was therefore to charge 
into tile furnace, together with the slabs or billets under experiment, 
an exactly similar slab or bihpt specially prepared and kept for that 
purpose, which was provided with a suitably hole for the insertion 
of a thermo-couple. Since the temperature of the whole furnace 
was kept very uniform, never varying by more than 10° C. from one 
end to another, it was sufficiently exact to assume that the dummy 
billet or slab would rise in temperature at approximately the same 
rate as the others charged with it, all being cold when first introduced 
into the furnace. This method has proved very satisfai tory and has 
allowed of the exact control of the temperatures of billets when 
used for forging or rolling. 

The additional appliances available include in the first place 
a small forging press capable of exerting a maximum pressure 
of 80 tons. Although f orging by the press has not proved very 
satisfactory, this appliance has none the less proved particularly 
useful in the straightening of bars afl'l ether objects which aro 
liable l i become bent during rolling. 

For purposes of forging, two power-hammers have been installed- 
The first one installed is a belt-driven hammer of the oscillating- 
spring type. This has proved extremely useful and the great bulk 
of the work described in the present Report has been forged with 
this implement. It has, however, proved to be somewhat insufficient 
in weight and power for the larger slabs and billets which have had 
to be dealt w.t,h. More recently, a second and somewhat more 
powerful pneumatic forging-hammer has been installed. This was 
purchased by the Laboratory, at a specially reduced price, from the 
late Professor A. K. Huntington at a time when the latter was 
dispersing the equipment of “the former metallurgical department 
of King’^ College, University of London. 


Production of Light Alloy Bars and Rods. 

After prekminary work on some of the softer and mole easily 
rolled alloys, a systematic endeavour whs made to roll billets of 



^ALLOYS ItESKAliCII. 


Vi 


the alloy “ E !l (3/25.) into bars and rods. Although the Authors had 
become aware that preliminary forging appeared to be necessary 
for the successful rolling of the harder aluminium alloys tins' power 
hammer was not yet available when this work was commenced, 
and initial attempts ;yere made at forging under thetpress. The 
results obtained however, were very variable and unsatisfactory, 
although some fifty billets 3 inches in diameter of the 3/25 alloy 
were employed. A number of other devices were also tried, including 
variation of the working temperature from 100° C. down to 325° C., 
as well as variations in the speed of rolling, at the breaking down 
stage, from 45 feet to 180 feet per minute. Variations in the 
severityof pinch were also tried but did not succeed in eliminating 
the serious cracking which always occurred. Prolonged annealing at 
a temperature in the neighbourhood of the solidus of the alloys was 
also carried out on a batch ot billets previous to rolling, but again 
no marked success was obtained, and only a few rods, 1-3/8 inch 
diameter, were successfully rolled. 

In view of the cireiyustanecs that the production at an early 
date of a satisfactory light alloy was at that time regarded as of 
urgent importance, the Authors considered that although the alloy 
“B” (3/25) should ultimately befound capable of regular satisfactory 
production, the problem appeared to be too lengthy and difficult 
to be pursued at that time. Comparison of the available data 
showed that the distinctly softer alloy containing copper 3 per cent 
and zinc 20 per cent (alloy “ A ”) would fulfil most requirements at 
least as well as the harder and slightly heavier B (3/25), and 
attention was thereafter concentrated upon the development of 
the alloy “ A ” (3/20). 

• 

III (h). Development of Alloy “A ” (3/20). 

Between 28th June 1915 and 10th March 1916, attention was 
devoted to the production of rolled rods from 3-inch billets of the 
3/20 alloy, and more than one hundred billets were cast and rolled. 
Satisfactory breaking down without surface cracking was achieved 
and, successfully demonstrated to representatives of the industry 
interested ig the production of light alloys. In the earlier stages 
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of this work, flic attempt was made to roll billets of this alloy 
without preliminary forging, but the results were not encouraging. 
As soon, therefore, as tne power-hammer was available, experiments 
on forging Cnder the hammer were carried out. It was found that 
at temperatures between 350° C. and 400°,C. the billets would 
stand a moderate amount of forging without cracking. At first 
this forging was attempted by using blows distributed over the. 
whole, of the surface while the billets were held in heavy tongs and 
rotated about their axis. Forging in this manner was found to 
produce cracks and splitting at the ends, and in subsequent work the 
billets were not rotated during hammering. Blows were distributed 
from end to end, the bil'et being moved parallel to its axis. The 
billot was then turned through !)0°, and an equal number of blows 


Fig. 51. 



applied in that direction. Satisfactory forging was obtained 
by this means, and the amount of forging was then carefully 
regulated by the use of saddle-shaped gauges, of the shape indicated 
in the sketch T 'ig. 51. In the method finally adopted, the 
amount of reduction applied by forging lay between 5 and 10 per 
cent, and the billets were forged to an octagonal section in two 
stages with intermediate reheating. 

Although the forging operation was successful in itself, that is, 
it did not t lead to immediate craokin gof the billets, most of the 
billets thus treat i' 1 cracked seriously during breaking down in the 
rolls. Th<- results obtained we,rc inconsistent, satisfactory and 
unsatisfactory rods being obtained indiscriminately. Attention 
was then given to a number of factors, which, it was though?, lnight 
affect the result. These included question? of the quality of the 
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metal used in making the alloys, the severity of the pinch, speed 
of rolling, and the use of higher temperatures, such as 400° <5. in 
forging. Variation of these factors produced no improvement* nor did 
microscopic examination of the billets as cast, and aftef forging and 
rolling, throw any light on the difficulty. The view \5fas, therefore, 
thrust upon the Authors that the source of the trouble probably 
lay further back, namely, in the casting operation. Very carefu! 
attention was, therefore, given to the method of casting the billets 
in the foundry. 

Careful examination of the. billets as cast., and at an early stage 
of the rolling when cracking had commenced, led the Authors tc 
suspect that surface defects in the castings, giving rise to weakness 
of the skin, led to the development of cracks during breaking down, 
The effect of forging ap]>cared to consist to a large extent in closing 
up and obliterating these surface defects, but if these were at all 
serious the amount of forging which was applied was obviously no! 
sufficient to avoid consequent cracking. Careful study was, therefore, 
devoted to the questioA ofproducing billets free from surface defects 
This was ultimately achieved by adopting a method of pouring the 
liquid metal into the mozld as slowly as was possible without leading 
to the formation of cold shuts and other defects. For this purpose 
the billet moulds were tilted to an angle of about 45° to the horizontal 
and the molten alloy was poured in as a slow stream. The object 
of this procedure was to maintain in the mould at any one time as 
shallow a layer of liquid metal as possible, the rise in the liquid 
metal being arranged to take plate at about the same rate as the 
solidification of the alloy. Pouring in this manner results in the 
practical abolition of all shrinkage cavities and largely avoids the 
‘necessity of “ following up.” The adoption of these methods, 
coupled with the use of moulds at a relatively low temperature 
(100° C.), brought about an immediate change for the better in the 
behaviour of the^billets in the rolling-mill. 

% Subsequently further modifications in treatment were investigated. 
These included first, annealing the billets after forging and before 
hjeakmg dowif in the mill at as high a temperature as possible 
short of incipient fusion (about 510° to 520° C.). In some cases 
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this treatment was applied between the first and jecond forging 
operations. 'The object was to remove, as completely as possiblo 
the coring of the solid o solution crystals in the cast material, and to 
bring aboift the absorption qf the fqye compounds, particularly 
CuA1 2 , into "the solid solution. Microscopes examination of the 
billets so treated showed that the greater part of the compound 
CuXl, had passed into solution, and that vigorous grain growth had 
taken place. Photo-micrographs illustrating this effect are shown 
in Figs. 52 to 54, Plate 8. Fig. 52 shows the material as cast ; 
Fig. 53 shows it after forging and annealing at 400° (’. Fig. 54 
shows the structure of the billet after forging and annealing at 
400'’0., and further diastically annealed at 500° to 520" 0. All 
these photomicrographs are under a magnification of 150 diameters. 
It is intciesting to note that hardness tests (Brinoll) show no 
increase of hardness consequent upon the absorption of the compound. 
It was hoped, by obtaining in the forged and annealed billets a 
microstructure very similar to that of the rolled bars, that a 
considerable increase in ductility of the Material would be obtained. 
Unfortunately, this treatment did not produce the desired effect. 

The use of a lower breaking down temperature (300° C.) was 
then tried, but no improvement was found. 

Finally, completely successful results wore obtained by increasing 
the amount of forging and employing a higher forging temperature 
(400° 0.). This modification of the treatment was coupled wijh 
intermediate annealing between the first and second forging operations 
and final annealing for one hour at'450° C. before rolling. In addition, 
it was found necessary to keep the rolls thoroughly well lubricated. 
This latter precaution was essential, since it was found that dry 
clean rolls allowed the hot aluminium alloy to seize in contact with 
the roll surface, and when this occurred the billets were split in half 
and curleij around the rolls instead of being formed into bars. 

It was found that when, by the methods ]i^t indicated, the 
billets had been broken down and rolled into rods If inch or 1J injb 
diameter, there was no difficulty in rolling these rods further to 
l inch diameter or Bmaller. For this purpose it waS only necessary 
to re-heat the rods as nroduced from the breaking down nrocess 
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to a temperature in the neighbourhood of 400° 0.: at that 
temperature they could be rolled to any desired extent, high speed 
and heavy pinches being employed without fear of producing'eraeks 


Physical Properties of Alloy “ A ” (Rods). 

The results of tensile tests on Hot-Rolled Rods of Alloy “A’ 
(3/20) in various sizes are given in Table 12. 

TAJlIdi 12. 


Piametor 

Yield Stress. 

Ultimate Stross.; 

Elongation 

of Rod 

Tons per 

Tons per 

per cent ou 

(hot-rolled). 

square inch. 

square inch, j 

2 inches. 

1-; inch. 

17-8 

25'4 

16-5 


17'7 

26-9 

18-5 


j 18-5 

27-4 

18-0 

1Jinch. 

v • 

i 


| 1G*2 

2G'l 

19-0 

| inch 

16*5 

r 

2G'l 

22*0 


The results given in this Table are in all cases mean values of al 
least two duplicate tests and really represent typical values taken 
from long series of tests. It will bo seen that the properties of the 
alloy do not vary very much with the diameter to which it has been 
reduced by hot-rolling, once the ingot, cast to 3 inches in diameter, 
has been reduced to a diameter of 1) inch. In addition to 
the results of ordinary tensile tests as shown in Tabic 12, 
determinations of the Elastic Limit (Limit of Proportionality) and 
of the Elastic Modulus (Young’s Modulus) have also been made ; 
the Limit of Proportionality, in rod £ inch in diameter wag found, in 
two different batches of the alloy, to lie at 11 ■ 8 and 13-0tons per 
square inch. This value may be contrasted with the figure given for 
the * yield ” in tests on the same material above, namely, 17' 7 and 
17^8 fonB per iftpiare inch respectively. The elastic modulus for 
this mateijal was found \o be 9' 7 X 10“ lbB. per square inch. The 
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results of other series of tests on Alloy “A” in pd form arc given 

o '1 r # 

belo)V in other connexions. 

Production of Shed. 

> 0 

The problem of breaking down and rolling billets of the alloy “ A ” 
(3/20) into rods having thus been .successfully solved, the question 
of the production of the alloy in the form of sheets was next attacked. 
In view of the fact that for many of the most important uses of light 
alloys, these materials are required in the form of sheets or of strips 
suitable for forming into angles and channels of various shapes, this 
problem assumed very considerable, and urgent importance. 

The first systematic work on the production of sheets was done 
on a series of chill cast slabs measuring 5 inches by 12 inches by 
s inch thick. In accordance with the experience already obtained 
in the treatment of billets intended for the production of rods, these 
slabs were subjected to a preliminary forging before rolling. This 
was done at 400° 0 and comparatively light blows were used, 
giving a reduction in thickness of 10 per Vent, which was the largest 
amount permissible. For rolling, the forged slabs were pre-heated 
to 350° C. and later to 400° C., while the rolls themselves were 
heated by means of gas-burners to a temperature between 75° and 
100° C. This pre-heating of the. rolls was intended to minimize 
the chilling elect of the large mass of cold iron on the small slabs. 
In industrial practice, the rolls would become heated to a moderate 
temperature by constant contact with a succession of slabs. 

In the earlim stages of this work the slabB were merely rolled in 
one direction, but later it was found necessary in order to secure 
greater ductility in the transverse direction to employ cross rolling. 
In Bpite of the prevalent opinion that cross rolling of aluminium and 
its alloys is not feasible, this pftcedure gave excellent results. 

The principal difficulty met with lay, much as in the case of rod 
rolling, in the o-. < rrrcnce of surface and edge cracking. In addition, 
low ductility, particularly in a transverse direction, was also 
encountered. * 

The surface cracking was again directly traceable to lasting 
defects in the slabs. Observation showed that wherever a slab 
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showed defects, such as those arising from “ drawing,” cracking 
immediately fftsulted. By adaptation of the methods already 
devised for the successful casting of billets, slabs having smooth 
bright surfaces were produced, with the result that surface cracking 
and edge cracking were practically eliminated. 

The. low ductility found in the rolled sheets as first produced was 


TABLE 13. 


i 

i 

1 Yield stress. 

! Tons per 

square inch. 

Ultimate 
stress. 
Tons per 
square inch. 

Elongation 
per cent, on 

2 inches. 


Early material showing low ductility. 


W220 

0 067 

lC-l 

28-7 

9 

219 

' 0 073 

23-4 

29-4 

9 5 

220 

0-035 

25-8 

30-3 

7 


Material from slabs rolled without crossing, showing low 
transverse ductility. 

W250 

0-125 *L 

19-1 

26-3 

15 


fT 

18-0 

25-3 

8 


Later material from forged slabs employing cross rolling. 

W303 

0-051 *L 

10-4 

28-0 

18 

- 

tT 

! 21-3 

290 

10 

310 

0 056 *L 

| 17-3 

28-8 

20 

- 

tT 

16 -f 

26-9 

15 


* Longitudinal. f Transverso. 


traced to cold work which was put upon the metal during the rolling 
owing to the fact that the whole of the operation was conducted at 
too slow a speed, allowing the metal to cool down too* far. By 
increasing the speed and by limiting the amount of reduction applied 
bftween successive reheating, satisfactory ductility was obtained. 
A series*of typical test results illustrating the various stages of 
progress which have been briefly outlined above are given in 
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Table 13. The development there indicated represents the progress 

made as the result of casting and working about 30 slaosof the size 

1 • * 

named. ' 

Once a sir b had been satisfactorily broken down from the oast 
and forged condition into a blank of about o^e-half the original 
thickness, no further difficulty was experienced in rolling such blanks 
down'to sheet or strips of any desired gauge. The small size of slab 
employed, however, did not permit of the production of sheet in 
sufficient length for practical purposes, and as it was feared that the 
use of larger and thicker slabs might introduce difficulties of an 
entirely different nature, it was thought necessary to carry the work 
further and to study the casting, forging and rolling of larger slabs. 
The size of slab adopted measured 7 inches by 14 inches by 1| inch 


i'u!. 55 .—Slab Mould with Y-Shaped Groove. 

Half-size 
SoctioD of 
Groove. 



thick. The satisfactory breaking down of these thicker slabs proved 
a much m< re difficult problem. In the early stages cracking of the 
surfaoe and edges was encountered to a far greater extent, and work 
on some fifty or sixty of these thicker slabs was required before 
these difficulties could be overcome. The main difficulty resided 
in obtaining thoroughly satisfactory castings. The fact that the 
condition of the surface layers of the cast slabs was largely responsible 
for cracking which occurred during breaking down was shown by 
results obtained in forging and idling two slabs whose cast surfaces 
had been removed in a planing-machine to a depth of approximately 
$ inch. A?tcr ft rt 'ing, these maciiined oiabs gave practioally perfect 
rolled blanks. 

In order to overcome the casting difficulty, various mcchanfcal 
aids were tried. The most successful of these was the provision 
of a small 1 V-shaped groove cut from top to’ bottom at one side of 
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tho slab mould as indicated, in the sketch, Pig. 55, which shows 
a horizontal section through the mould, while the V groe-vo is 
shown at the side half full size.' The small V-shaped runnh'r which 
is thus left on the edge of the slab must, however? be removed 
before the slab is f,urged <jr rolled. If this is not done, the small 
portion of projecting metal remains in the weak and brittle condition 
as cast and is unaffected by the earlier stages of forging and roiling. 
It is, therefore, unable to accommodate itself to the extension of 
the slab as a whole and leads to very serious cracking. 

When by these means, together with careful attention to casting 
detail, satisfactory slabs had been obtained, it was found possible 
to break them down into blanks practically free from defects by 
very slight modifications of the forging and rolling processes already 
employed for the smaller slabs. The further reduction of these 
blanks down to sheet of 18 gauge thickness offered no special 
difficulties. 

Cold Working and Spinning of Sheet of Alloy “A” (3/20). 

In spite of the relatively liigh strength and stiffness of “A” 
sheet in the. hot-rolLd condition, it was thought desirable to 
investigate the possibility of utilizing this material for cold working 
and spinning. At first very considerable difficulties were met with, 
but these have been overcome by the use of a special annealing 
.temperature which leaves this alloy in a very soft condition. 

Some early attempts at spinning this material were made at 
the Royal Aircraft Establishment (then the Royal Aircraft Factory) 
at Farnborough. Only a limited amount of success was attained, 
but the annealing temperature employed, 400° to 450°, was much too 
' high. Some of the spinnings thus produced, after a short period 
of storage, spontaneously developed cracks. This behaviour is 
in accord with what is now known to lie typical of tjiis material 
in regard to season cracking when it has been annealed at too high 
$ temperature (see page 175). 

In order to arrive at the best conditions for cold working of alloy 
•|A’ f (3/20) sficet, a series of cold-rolling expci im*hts were carried 
out. A strip 3jj inehes'wide by 4 feet 6 inches long of the hot-rolled 
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material was employed. Its initial thickness was O' ll7 inch, and 
this, was reduced by three stapes of cold-rolling with intermediate 
anneal..ig tft“a final thickness or O'048 inch (18 s.w.g.). The, 
three stages e.onsisted in reduction from (a) O' 117 inch to O' 080 inch, 
(h) from O'080 inch to O'061 inch, and {<•) from O'004 inch to 



$•120 0-100 0 080 O’OGO 0 045 

Thickuoss of Sheet. 

O'048 inch At each stage a short length was cut from the strip 
and tensile tests were carried out on the material in the condition as 
cold-rolled, and after annealing for thirty minutes at temperatures 
of 250° (!.. 850° C. and 450° 0. respectively, followed by air-cooling. 
The results of the tensile tests made on these samples as regafds 
ultimate stress and elongation arc shown in the graph of Fig.'ofl. 
These results show clearly the superimity of 250° C. as an 


Elongation per cent on 2 inches. 
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annealing temperature as compared with a higher temperature 
such as 450° 0., particularly in restoring the ductility of coid waived 
strips. It. will he seen that annealing at 450° C. leaves the. elongation 
of the thinner strip practically unaffected, while annealjng at 250° C. 
restores the elongation to 111 and 22 per cent respect"vely. 


TABLE 14. 


1 

I 

Yield stress. 

Ultimate stress. Elongation per cent 

1 Reduction. 

1 (Actual thick- 
] ness of sheet). 

Tons square inch. 

Tons square inch. on 2 inchos. 

Inchos. 

1 

Cold- ! Annealed 
Rolled. 250' C. 

Cold- Annealed Cold- Annealed 
Rolled. 250' C. Rolled. 250" C. 




Intermediate annealings at 250 ( 


| 0-119 to 0■ HH 

29-1 

13-4 

29-9 

23-9 

10 

19 

| 0-088 to 0-65 

24-2 

13*1 

25*2 

- 

10 

20 

0‘05 to 0-50 

24-9 

lO-.'i 

25-0 

23-8 

10 

20 

0-50 to 0 - H6 


12-7 

28*3 

! 

. 

G 

18 

0-3G toO-liO 

24-1 

12-5 

ft 

20-2 

23-8 

10 

10 

0-30 to 0-22 

27-5 

11-4 

28-2 

22-9 

4 

14 


Intermediate annealings at 450 r ’C. 



0122 to 0-93 

26-H ! 

10-7 

28-2 

23-7 

9 

17 

1 0-93 to 0-05 

28*3 

10-2 

31-2 

23 3 

9 

10 

0-G5 to 0-49 

24-2 

ll-H 

,. 30-8 

22-9 

7 

8 

0-49 to 0-87 

28-,4 

2<W> 

. 31-9 

30-2 

4 

4 

0-37 to 0-28 

29*4 

14-1 

i 32-2 

j 22-3 

4 

7 


* 


The advantage of using an annealing temperature of 250° C. 
as compared with 450° (1. has been further established by a series 
of tests made on samples taken from hot-rolled strips whichhad been 
'subjected to cold-rolling in progressive stages amounting to a 
25 j#r*cent reduction in thickness at each stage, with intermediate 
annealings of thirty minutes at 250° (J. and 450' C. respectively. The 
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results of tensile tests made on sanities taken at smcjssive stages 
arc .''own ii) Table 11. It will be. seen tiiat with annealing 
at 150° C. the material hardens up very quickly and ductility is 
not fully restored between stag's of coldirolling. It is interesting 
to note, bowed er, that cold-rolled and anneal,;- 1 material does not 


ij’ia. 57 ,—Tensile Tests on Annealed Colrl-llollal Sited. 



0° 50- too- 150- 000° 250- 300” 350” C. 

Annealing Temperature °C. 


attain to the coiuibnation of tensile Btreng'h and elongation which 
can he readily obtained in hot-rolle^ material which has never been, 
subjected to cold work. 

The results above described have been further confirmed by the 
production of actual cup-shaped spinnings of the alloy “A 1’ (3/20), 

o 2 


F.loncration ner cent on 2 inches. 
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using annealing at 250“ C. The spinning itself was readily 
accomplished and spinnings made in this way have proved Ao be 
entirely stable, several examples having remained perfectly sound 
over a period of four years r 

Borne further torts have been made to determii,’' the effect of 
annealing at still lower temperatures than 250“ 0., and somewhat 
remarkable results have been obtained. These arc indicated m 
the graphs of Fig. 57, which show that a small amount of softening in 
cold-rolled sheet becomes apparent after thirty minutes “ annealing ” 
at 100“ while a temperature of 180“ C. brings about the maximum 
amount of softening, leaving the material with an extension on 
2 inches of as much as 29 per cent and a tensile strength as low as 
19 tons per square inch. It is particularly striking to find that 
annealing at slightly higher temperatures does not produce so great 
an amount of softening. 

Production of Very Thin Sheet. 

The great possibilit ies of the alloy " A ” (3/20) as regards working, 
are well illustrated by the success which has been obtained by rolling 
it into very thin sheet. ,The object aimed at was to test the possibility 
of utilizing very thin sheet metal, of low specific gravity, as a 
substitute for doped linen fabric for the covering of aeroplane wings 
and similar purposes. The weight of such fabric is of the order of 
about Jib. per square yard, and alloy “A” would have to be reduced 
to a thickness of not more than O'0035 inch to be of equal weight 
per square yard. If such material had an ultimate strength of 
25 tons per square inch, it would be from three to four times as 
strong as the best doped fabric. 

> The difficulty of producing suchvery thin sheet in an experimental 

rolling-mill, intended for the breaking down and rolling of much 
thicker material, was realized at the outset, and the co-operation 
of several firms having special rolling plant was therefore secured. 
These firms, however, obtained little or no success in their endeavours 
tit treat this material, although ultimately the British Aluminium 
Corflpany at'their Warrington Mills succeeded in rolling a strip 
of this alloy 7 inehcS wide, down to a thickness of O'0025 inch, 
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producing a material of very beautiful finish and perfectly flat. 
For j -aotical pse, however, vey much wider strip would be required, 
the minimum being about It inches. A specially designed strip 
mill for rolling strips of this width, however, would no doubt lead 
to the steady p-rodnction of the material as required. 

Meanwhile, the problem of producing very thin sheet of the alloy 
'• A " (3/20) was studied by means of the experimental rolling-mill 
at the Laboratory. It was soon found that hot-rolling in these very 


Fm. 58. 

Scale,.—Quartor full size. 



thin sections was impracticable, and cold rolling with annealing 

was therefore tried. No great difficulty was experienced in reducing 

the sheet to a thickness of the order of O'015 inch. Beyond' 

this, however, very great difficulty arose apparently from the 

springing e r lifting of the rolls. Wh"n attempting to reduce the 

thickness below 0 015 inch, the rolls, when idle, raq, in close contact. 

Even with tlie adjusting screws hard down, however, there wqji 

sufficient movement to render further reduction very slow. Part 

of this deflection was no doubt due to actual elastic springing of 

the rolls themselves, parti, ularlv at the neck, but it was evident that 
e 
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a good dea\.of, displacement'took place owing to the insufficiently 
rigid manner in which the roll bearings were held in the hp' Sings 
by means ol the screws and blocks provided. These screws and 
blocks were, therefore, temporarily replaced by two OiCst-iron blocks 
and two mild steclowedges in the manner shown di'grammatically 
in Fig. 58. The use of this rigid arrangement, pressing down 
on the bearings of the rolls, naturally caused considerable beating. 
In these circumstances, therefore, the mill could only be run for a 
short time, and had then to be allowed to cool. 

This arrangement led to further progress, although at thicknesses 
below O’OO'.l inch it was not possible to obtain more than a reduction 
of from 0 001 inch to 0'002 inch in any one stage without reannealing. 
The number of passes per stage was even then of the order of twenty. 
Further, the greatest care was necessary in keeping the rolls perfectly 
clean and well polished, as a patch of oil or grease was liable to cause 
destruction of a length of thin sheet in a single pass. Another 
difficulty arose from the camber ” of the rolls, which had not 
been designed for dealing with such thin material under high pressures. 
Fortunately, it was found possible., to some extent, to effect the 
necessary adjustment ef the roll diameters by means of the row 
of gas-burners used for pre-heating the rolls for hot-rolling. By 
adjusting the amount of heat supplied to the central or end portions 
of the rolls, different amounts of thermal expansion could be brought 
.about in these portions, with the result that the effect of a greater 
or lesser “ camber ” could be obtained at will. 

Ultimately, sheets of the alloy “ A ” (3/20) wore produced of the 
following dimensions, 12 inches wide by 6 feet long, thickness 
O' 005 inch, and 6 inches wide by 15 feet long, thickness O' 0035 inch. 

* These were flat and Iree from edge cracks. The guidance obtained 
from the production of these very thin sheets in the experimental 
mill at the laboratory, subsequently enabled the British, Aluminium 
Company, at tjieir Warrington mills to produce the longer strip 
^1 ready referred to. 

4 The results of a series of tensile tests on this very thin sheet are 
siiown in Table 15, the tests referring both to the material rolled 
by the British Aluminium Company and to that produced in the 



ALLOYS RESEARCjl. 


87 


experimental mill at the Laboratory Tt will be 'een l^iar the alloy 
preserves a Jiigh tensile. strength when rolled down to these very 
thin sections. 

In view <Tf the. manner in which dop n d fabrics are damaged by 
bullet wound,, it was necessary to test how perforation by rifle 
bullets " ould affect the strength and properties of these very thin 
alloy sheets. FW the purpose of these firing tests, portions of the 
thin sheet wine stretched on wooden frames and ride bullets were. 

TABLE 15. 


Yield stress. 

' Ultimato 
stress. 

, Tons per 
. square inch. 

i 

Elongation 

Breaking 
load per 

Condition. i Tons per 

i square inch. 

on 2 inches, 
per cent. 

1-inch 

width 

(calculated). 

Sheet 0*010 inch thick (Britisli Al. Co.) 



16*5 

2G * 5 

8 ! 


As receive 1 

IT' 8 

2G * 6 * J 

. vl 

505 


8-7 

22 1 

ni 


Annealod 250 C 

I 

11*0 

22*4 

12] 


Shoot 0*005 inch thick (N.l 

•L.) 


Anueale 1 250 'C | 

- 

| 23-1 

2 

- 

Shoot 0*0035 inch thick (N.F.L.) 


Annealed 250' C | 

— 

| 23-0 


180 ' 


fired through them both at right angles to the surface of the sheet, 
and at an angle of 30°. The bullets were found to perforate the 
sheet without producing any ripping or spreading of cracks from the 
actual hole. The holes themselves, however, were not circular, but 
polygonal m shape, consistently eight-sided in the .sheet O’ 007 inch 
thick, and seven ued i n sheet 0 • 010 inch thick. The metal appeared 
to have been cut into a number of converging tongues, which were 
neatly rolled up behind the corresponding sides of the polygonal Sole. 
The appearance of these holes is illustrated in Pig. 59, 'Pfate^ 8, 
showing slightly reduced views of a hole* from the entering and 



ALLOYS RESEARCH. 


»8 

exit sides, respectively. The,, holes are larger than the bullets, 
measuring approximately 0-5 inch across Irom side, to side > the 
bullet used being Mark..VII, R.A.A., ()• .'503 inch diameter. 

The effect of the bullet liples on the strength of test strips 2 inches 
wide, having the hofy; in the centre of the width, w;'s determined 
by means of tests in a machine ordinarily used for testing r fabries. 
The results are given in Table J(i. "" 

TABLE 1G. 


Tensile tests on wounded sheet, speeimens 2 inches wide, G inches 
parallel, bullet hole appro* imatehj 0'5 inch diameter. 

Bate of teadiiuj 200 lb. per minute. 


Thickness of 
sheot. 

Breaking load of 
wounded shoot 
lb. 2 inches. 


Breaking load on 2 inch 
width calculated from 
mean breaking load of 
wounded sheet, assuming 
a O’5 inch diameter hole. 


Sheet us " 
supplied. 

Annealed 

55{T C. 

Sheet as Annealed 

supplied. 250° C. 

0’010 inch 

602 

592 



G75 

595 



Mean — 684 

Mean = 594 

912 792 

, 0;007 inch 

358 

307 



. 3i7 

333 

| 


Mean = 353 

Mean - 319 

__ j 


i The breaking loads of the O'010 sheet per 2-inch width tested in 
the unwounded state were, as follow!,:— 

Sheet as supplied ..... 1,000 r lb. 

Sheet annealed 250° C. 975 lb. 

• It will be seen that the strength per unit area of the material 
after beyig wounded by a bullet is not seriously diminished. This is 
in "striking contrast to the behaviour of a textile fabric which has 
been damaged in a similar manner. 
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ltippiw) Resistance. ' 

cry serious difficulty wliic.lt stands in the w ay of tlio application 
of thin sliest, for such purposes as u '.ropla.no wing covering, is its 
relatively lo% resistance to ripping. Although the tensile strength 
of a thin metal sheet may lie. three or four times that of a fabric, 
•.in': metal sheet can he torn in the fingers much more readily than 
fabric. This difference, in behaviour appears to be due to the 
circumstance that in a fabric the various fibres arc capable of being 
displaced and deflected in such a manner that, a number of them 
can come into action in resistance to a ripping stress at the same 
time. In fabrics where the fibres art' very iirmly held in position, as 
for instance, in certain dressed silks, ripping is very much easier. As 
is well known, such materials can be readily torn, whereas softer 
materials, like woollen fabrics, cannot be readily torn. A continuous 
sheet of metal may be, regarded as the extreme case of a material in 
which the fibres are very fine and very numerous and are completely 
attached to one another at every crossing point. Such a material, 
when < ,posed to a ripping stress, is torn step by step, and were it 
not for a certain amount of ductile yielding of the metal, the actual 
shearing stress at the end of a tear would be infinite even for a small 
applied load. It is not surprising to find that resistance to ripping 
depends as much on the ductility as upon the actual strength of 
the metal. Whether this liability to rip is a serious disadvantage 
in the case of an aeroplane, wing could lie* tested in actual 
flight. Under war conditions, jagged rents might easily be made by 
projectiles. Such rents occur in fabric-covered wings, but the question 
arises whether the wind pressure on the projecting tongues of metal 
would be sufficient to cause the tear to spread by ripping. These 
are, however, questions of aftoplane design and construction to 

which no further reference need be made here. 

• 

Other Properties of Alloy “A” (3/20). ^ 

• 0 

Til th" course of the Authoi s' study of the properties of the jdloy “A” 
(3/20), a very tvide range of tests has been applietf to the material 
in a variety of conditions. In the maiority of cases, the results of 



90 


‘ALLOYS RESEARCH. 


these tests have ,'>n)y\been of service in indicating the superiority 
or otherwise, of certain methods of production and treatment . It 
is, however, desirable to record the results of certain of these tests 
at least, in order that the fullest information regarding tl* properties 
of the material mar be available. The tests nffl.de include 
compression, fatigue (alternating stress), and notched-bar ynpact, 
at ordinary and at high temperatures. 

Com press ion T'cuts. 

Two sets of tests on rod have been made. In the first scries 
the test-pieces were 1 inch diameter by 2J inches long, and 
were held in holders making struts O'2 inches long. The results arc 
given in Table 17. 

TABLE 17. 


Material. 

, • | 

Elastic 

1 limit. 
Tons per 
square inch. 

Buckling 
Stress. 
Tons per 
square inch. 

Modulus. 
Lb. per 
square inch. 

Altoy'A (3/20). (1) Extruded. 


(F,12) 2 ‘-mc!) diameter . 

10-9 

130 

10'Ox 10“ 

(Ell) lj-inch diameter . 

90 

12-4 

9*3x10" 

(2) Extruded—Rolled. 


?E12) U-inch diametor (from) 
uj-mdil . . t . . p 

10-1 

14-3 

9*3x10" 

J-inch diameter (from 2j| inch) 

11*5 

14*6 

9*9x10" 

(3) Forgad and Rollod. 


WW204) lg-inch diameter (from'lj 
3-inch billed . . . 1 j 

t0*G 

t 

12*6 

9*9x10" 

(WWb lg-inch diameter (from\i 
3-inch biilet). ./! 

9*5 

13*2 

9*7x10" 

. 

Comparison Alloy (I)). Extruded—Rolled. 


fF.Ki) l,)-inch diameter (fromV 
2|-ijeh) . ^ . . • f 

*9-0 

13*7 

10*1x10“ 

• 

_ , __ 

• 

9-2 

12*4 * 

10*3x10“ 
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The results given in the last two lines of this T/bic, under the 
w^ing Comparison Alloy “ D,” are included tor purposes of 
nnparison. The alloy in question corresponds in composition and 
•eatment<io the well-known proprietary alloy Duralumin. 

In the i‘spend series of tests, the results .of which are given in 
able 18, ihe test-pieces were arranged to have a ratio of length 
> diameter not greater than 4, so as to give true compression data, 
[ere the comparison material is mihl-steel. 


TABLE 18. 


Material. 

Elastic 

Limit. 

, Tons per 
; square inch. 

Buckling 
Limit. 
Tons per 
square inch. 

Modulus. 
Lb. per 
square inch 

Alloy “A’ 

(3/20). (1) Extruded. 


H E10-2 inches diameter 

9-43 

- 

9'5xl0* 

Mild-steel . 

; 9-4 

- 

31-SxW 


Some further data on the behaviour of alloy “ A” (3/20) under 
ompression arc contained in Table 16 (page 152), which relates to a 
eries of compression tests carried out at the Cardington Aircraft 
factory (now B.A.W.), on material in the form of channel sections, 
taving a thickness of 0‘048 inch and a length of 6 inches. This 
Cable presents a comparison of a whole series’ of alloys, and the 
esults forthp ..lloy “A” (3/20)", re found in the third line of the Table. 
Phis Table is more fully referred to below. 


Shear. 

The behaviour of light alloys in shear is particularly important 
n connexion with their use for structural purposes, and especially 
n the form of rivets. Some misgivings in regard to this matter 
ippear to have existed both in this country and abroad, since injhe 
earlier rigid airship structures the rivets were made either of pure 
duminium or of a very soft alloy. More recently "the suitability of 
he harder alloys for this use has been recognized. 
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Shear teste, op. a’.loy “A” (3/20) have been made both on sheet 
and on thin rod or wire in the, form of rivets. The. tests on shret 
were, made (in the Engineering Department of the I laboratory) 
by punching out small disks,9 • 5 mm. in diameter. The'results are 
shown in Table 19. j 

The results in Table 19 arc in each case the n.,ian of 
six closely-agreeing determinations. The, material used was a typical 
sample of alloy “ A ” in its best condition, tensile tests having shown 
311 ultimate stress of 27'7 tons per square inch and an elongation 
of 22 per cent on 2 inches. It will be seen, therefore, that the shear- 
strength of the material is appreciably lower than the tensile strength 
but even in shear it is still relatively very strong. 

TABLE 19. 

Shear 7'ests on sheete of Alloy “A." 

1 Thickness of sheet. Ultimate Shear Stress. 


Tons per square inch 
O'048 inch ' [ 21'9 

COfil „ 23-3 

j 

Tests on rivets were made by breaking actual riveted joints made 
with either a single rivet or with two rivets. The rivets used were 
made from cold-drawn wire which ■ was annealed at 250“ C. before 
use. The rivets were O'063 inch in diameter, and gave ultimate 
shear stresses of 17'3 tons per ’square inch in tests on two rivets 
ahd of 15' 8 tons per square inch in a test on a single-rivet joint. 
These somewhat lower values, as compared with the results on 
sheet shown in *Table 19, are accounted for by the fac^ that the 
material of the rivets had been annealed so as to render it as soft 
afypossi hie. Even in this condition, however, the rivets of alloy “ A ” 
(3/25) are much stronger than the pure aluminium or soft-alloy 
rivats formerly employed, which gave shear-strengths, when tested 
in riveted joints, of only to 8 tons per square,inch. 
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Fatigue. 

V.ome fatigue tests on the preliminary material of tlio, ternary 
alloys described above in Section 111 (a) were carried out on the 
special macjiine, for the application <Vf alternating load in direct 
compression'-taml tension which was at tluft time used for this 
imrpo, e in the Engineering Department of the Laboratory. At the 
time when rolled material of alloy “ A ” (3/20) became available for 
tests of this kind, the Engineering Department bad adopted the 
Wohler type of testing-machine for fatigue determination. Eatigue 
data on rolled-bars of alloy “A” are therefore given as results of the 
Wohler tests. These determinations, taken both at the ordinary 
temperature and 150° 0., are, embodied in Table 45 (page. 150). This 
Table contains data for comparison of a whole series of alloys among 
which the alloy “A” (3/20) is included. This Table is more fully 
discussed below (Section 111, c). 


Notched-liar Impact Teds. 

Sii. ,e it has been recognized for some time, both by the present 
Authors and others that the notched;bar impact test, in the 
present state of our knowledge, cannot be satisfactorily employed 
for the purpose of comparing the merits of materials of different 
composition and constitution, this test has been mainly employed 
in the present research for the purpose of studying the effect 
of different modes of treatment on the same alloy. A scries 
of values fo a number of „ different alloys will be found in 
the present Report, but it is not considered that the. various 
alloys can be reasonably compared-on the basis of these figures. 

Notched-bar impact tests have been made on different forms 
of the alloy “ A ” (3/20), and*various forms of test-piece have been 
used, corresponding partly to the. variations i» the form of the 
material, such a Bheet or rod, and depending also in part upop the 
particular type of test-piece which had been adopted or was being 
tried by the Laboratory at the period when the tests were mStle. 

An early series of tests, carried out in April RWfi, were fiuwje on 
test-pieces of the Cliarpv International ty*pe, having a cross-section 



94 


uAlgjOVS KKSKAKVIH. 


of JO mm. square nitli a length of 53’.‘J nun., and a distance 
between supports of JO mm. The notch was 5 nun. deep, baying 
a radius at the root of § mm. The energy of blow used was 
2‘7 kilogramme-metres. Tlg'se tests were made on specimens cut 
from 1| inch rod, rolled from previously forged billet*}/' 


Three tests gave the following results 

Energy absorbed in Fracture Angle of Fracture 

(Kgm/M per Fijuare cm.) (Dogrcos), 


2011 

2-28 mean = 2-15 
2 - 16 ) 


11-5 
17 -5 
12 0 


'1'lte next series of notched-bar impact tests on this alloy were, 
made in September 1918, for the, purpose of ascertaining the effect 
on impact resistance produced by the cross rolling of alloys during 
the breaking down process. The tests were accordingly made on 
material taken from rolled plate inch thick, which had been 
produced by hot rolling'aftftr forging from slabs 11 inch thick. A 
portion of this material had been rolled down without crossing, 
while the remaining portion had been cross rolled. The test-pieces 
used from this material measured 5 mm. square in cross section 
and had a V notch 1 mm. deep, with au angle of 90° and a root 
radius of f mm. The length of the test-pieces was 27 mm., and the 
distance between supports 20 mm. These were tested on a 
small impact testing-machine of the Charpy type, which had been 
specially constructed in the Engineoiing Department for the purpose 
of dealing with very small notched bar test-pieces. The energy of 
the blow in this machine was l - 67 kilogramme-metre. The results 
afe given in Table 20. 

It will.be seen that these tetfts are, with one exception, 
remarkably regular. It is also evident that cross rolling ^improves 
the quality of tlqs material quite appreciably. Not only is the 
no|ched-bar impact figure on a transverse test-piece very nearly 
douEted, but even the longitudinal test-piece is nearly 30 per cent 
better m material which has been cross rolled. For the purpose of 
comparison with the above figures relating to small test-pieces with 
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V notch, taken f.om rolled plate, the results of a symlar test, on 
specimens of the sane dimensions, out from .* J-inu’i diameter rod, 
hot-rolled, may be quoted. Tliif showed an absorjition of energy 
of O'53 Kgiji/M., a figure which agrees very will with that from the 



TABLE 20. 


Condition of 
matorial. 

Direction of 
test-piece. 

Knergy absorbed in 
fracture (Kgrn/M.). 


' Longitudinal 

>> 

0-82, 

0-83 Moan 0'85 

Cross-rolled. < 

Transverse 

o-<jo) 

0'70j 

O'54> Moan 0'65 


i »> 

0'70j 


Longitudinal 

0G4, 

0-51 Mean 0'5'J 

Not cross-rolled. 

Transverse 

0-63! 

0-33, 

0-34 Mean 0'35 

i 


0*38 ] 


i 


corresponding longitudinal test-piece from plate metal which had 
also been rolled in om direction only. 

Influence, of I maturities on Alloy “A” (3/20). 

The influence ot impurities on a given alloy must be'considered 
from two poi >ts of view', according to their effect (a) upon the 
manufacture of the alloy, and ( b) on the physical and chemical 
properties of the finished material. 

With regard to the effect of impurities on tlft production of 
the alloy “ A ’’ (3/20), some reference has already been made above 





(sec page 67),jto tlic failure during rolling which resulted from 
incorporation in the alloy or in other alloys of a similar type, of 
various impurities. In those experiments, in fact, the only fiillct 
which was successfully rolled was one containing 1 per jent of iron. 
Subsequent experience, gained throughout the long course of 
experiments on the production of this alloy, has strongly confirmed 
the conclusion that the presence of impurities or small intentional 
additions of other metals immediately increases the. difficulty 
in forging and rolling. This was experienced to a very striking 
extent when a systematic endeavour was made, to incorporate 
in the alloy f per cent of manganese. The addition of a 
proportion of | per cent of this element was considered desirable 
on account of the beneficial influence which it undoubtedly exerts 
in lessening the risk from spontaneous or so-called “ season-cracking,” 
which is liable to occur in the case of alloy “ A ” if it has been 
wrongly treated (see below, pages 177 to 186). 

The presence of manganese, or of iron or similar added elements, 
whether as impurities or a» intentional additions, causes brittleness 
in the alloy, particularly in the. early stages of working, during 
forging and breaking down. This is no doubt due to the 
occurrence in the alloys of hard, brittle constituents, generally 
inter-metallic compounds, which have only a very limited degree of 
solubility in solid aluminium, and therefore make their presence 
felt as separate constituents, even when the amount of the added 
elements is quite small. In addition to the elements already named, 
this applies particilarly to tungstqn, molybdenum and chromium. 
Elements, on the other hand, which are capable of entering into 
solid solution in aluminium, or unter into the formation of a ternary 
(compound with aluminium and one of the other metals present, 
behave in a very different manner. In some cases these also 
materially incre^e the hardness or brittleness of the alloy. In 
other cases, on the other hand, their presence or addition actually 
renders the alloy more ductile and easier to forge and roll. This 
applies to a certain limited extent to silicon, and, to a greater 
extenff, to nick#. Further reference to the action of nickel in this 
respect will be made below (page 181). 
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Ah regards the client of various added element's c: impurities on 
the tensile properties of alloy “ A ’* (3,30), a certain amount of data 
are available, and arc recorded below in Table, 21, the chemical 
composition, in most cases from analysis, of tin alloys represented 

TABLE 21. 

Effect of Added Elements on Alloy “A ” (3/20). 


Distin¬ 

guishing 

number. ] 

i 1 

AY 685. :j 

I 

| 14R . 

W560B j 
W32G . j 
W702 . |{ 

II 

J . . |j 

W7G3A Ij 


Nature of 
material. 


Hot-rolled 
• lieot 0-0J5 
Mich thick 

1 l’ot-rollcd 
rod £-inch 
diameter 

Hot-rolled 
sheet 0*009 
inch thick 

Hot-rolled 
shoot 0 ‘ 035 
inch thick 

Hot-rolled 
sheet 0*062 
inch thick 

] lot-rolled 
shoot 0*088 
inch thick 

Hot-rolled 
sheet 0 • 050 
inch thick 


Elements 

added. 

Yield 
stress. 
Tons per 
square inch. 

Ultimate 
stress. 
Tons per 
square inch. 

Elongation 
per cent 
on 

2 inches. 

| Iron and i 
j Silicon ( 

19-7 

28*2 

18 

J| Iron 

18-1 

29-5 

18 

J Silicon 

17-G 

28-3 

1G 

| Manganese 

1G-4 

28-7 

21 

1 Manganese 

18-G 

28-1 

21 

1 Magne- 1 

1 sium and > 

| Silicon ) 

21-6 

21-7 

15 

Nickel, 

24-1 

28-0 

13 




• 


by tbe various numbers in Table 21 being given unde* corresponding 
numbers in Table 22. 

It will be seen that in the majority of cases the presence ot the 
added element renders the alloy slightly harder and stronger but 
correspondingly less ductile. The effect on the ductility of the 
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alloy in tlic of forging and Tolling, however, is much 

more marked than the results of the tests on the finished material 
would indicate. 

»S7 '■nujlh nt Low i'einpt‘rnhnc.% 

Together with a nuniher of other materials, alloy “ A ” (P./20) has 
keen subjected to a series of tensile tests at very low temperatures 

TABLE 22. 

Composition (by Analysis) of Alloys of Table 21. 


guishing Copper. 1 Zinc. Iron. Silicon. ^f^ 0 ’ Nickel. 

Number. , i 


W685 . 
141t. . 

W560B. 
W32G . 
\V702 . 
J. . . 
W7G3A* 


3 TO 
2-85 

! 2'8G 
j 2-27 
i 3-08 
2-50 


20-28 

19- 59 

21-OP 

20 - 02 
20-42 
20-0 


0-59 


0-49 


1-OH I' °-i20 | 
1 2H |t 0-71 ) 


0-53 

0-41 


0-68 


0-43 

- 0-5 


’.Nominal composition— not analysed. 


which were undertaken in view of the possibility that alloys 
employed for aircraft uonstrinltion might be exposed to excessively 
Tow temperatures for relatively long periods. These tests and their 
detailed tjrsults are described, togetfier with those for other alloys, in 
Section III (e) (page 142). Here it need only besaid tha^the results 
dearly indicate.that even prolonged exposure to the temperatures 
gither of liquid air (-185° C.) or of molting carbon-dioxide, snow 
(-‘fe)° C.) produces no deleterious effects in alloy “ A.” There is 
n# evidence of"any tendency towards any “ embrittling ” action of 
such intense cold. 




ALl.oYS ItVSKAUfJI. 


99 


II I("). Dwclopine.nl of Alloys *' E ami “ 

It has already been indicated*that the study and development 
of the terrgiry alloys of copper and zinc, with aluminium was 
undertaken partly with a view to the subseqyint utilization of the 
alloys arrived at as a basis for further advance. In the case of the 
alloys of manganese and copper with aluminium, which are described 
in the, later portion of the Ninth Report to the Alloys Research 
Committee, such a further advance, had already been effected. 
This was first done by Wilm, who applied the hardening effect 
produced by the addition of magnesium to aluminium alloys, to 
these materials, winch at that time constituted tint best wrought 


TABLE 2.’!. 




1 2 

3 4 | 5 6 ; 7 8 

9 10 

Copper . 

I 

• i 

S ' 3 

3 3 0 „ j 0, i 0 0 

3 3 

Zinc. . . 

• I 

5 10 

15 15 15 '20 15 20 

15. 20 

Magnesium. 


0-5 0-5 

0-5 0-5 0 5 .0-5 0-5 0'25 

i ! 

0-25 0-5 

Manganese . 



- 1-0 j - - i — I - - 

- - 

Silicon . . 



Not exceeding 0-20. 


Iron . . . 



Not exceeding 0 20. 


Aluminium. 



Remainder. 



i 


aluminium alloys available. Since the aluminium zinc-copper 
alloys, whose development has been described in the previous 
sections of the present Report, constitute so considerable an 
advance from the. point of view of tensile strength on the 
manganesg-copper-aluminium alloys described in the Ninth Report, 
it was hoped ,aat the application of the magnesium hardening 
effect to these alloys would bring about a corresponding furth*r 
advance. Efforts were accordingly made, first to secure the 
incorporation of magnesium in these alloys, and in the secilnd 
place, to study the whole process of hardening in tint presence 
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of magucsiiuft with a view to arriving at a better understanding 
of the process and of the manner in which it could be applied to 
a new group of alloys. This latter part of the work is described in 
a separate section of the present Report (see Section V(<(; (page 235). 

The first attempt). 1 at rolling alloys containing magnesium were 
made at the Milton Works of the British Aluminium Co., in Noyembcr 
of 1911, and again at the same works in 1913. The compositions 
of the alloys used in those, experiments are. slated in Table 23. 

Alloys having the composition indicated in columns 1-G of the 


TABLK 24. 




| 

Yield. 

1 

Ultimate. .Elongation j 

Alloy. 

Material. 

, Condition. 

Toes per 

Tons por 

per cent on 



sq,inch. 

sq. inch. 

2 inches, j 

7 

1 in. rod 

Hot rolled 

19-9 

25-3 

21 

8 

„ » 

>> >» 

91'7 

25-7 

19 

7 

g-in. rod 

Quenched 

19-4 

20-2 

29 

8 

t> »» 

from 5(Xf 

15-5 

23-1 

29 



Quenched 
from 500° 

15-4 

22-5 

! 

27 

7 

l- in. rod 

! and aged 
at least 
one week 

18-9 

24-9 

18 


15 per cent zinc 

g^n. rod 

Hot rolled 

8-5 

18-5 

32 

20 „ „ „ 

1 _ 

»i *» 

»> ” » 

12’4 

21-4 

26 


Table were prepared in the form of 3-inch chill cast billets, two 
billets of each composition being tried, one for rolling at a relatively 
high temperature (440° C. to 390" C.), and the-other at a lower 
temperature (32#° C. to 275° C.). At both temperatures, however, 
all the billets bf these compositions broke up badly in the 
rolls, generally at the first pass.. Of the remaining alloys, those 
corresponding if columns 7 and 8 were successfully broken down at 
43ft° C. and 418° 0. respectively and were ultimately rolled to 
i inch dimeter rod. Tensile tests on the resulting material, both 
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in the liol,-rolled condition and after que.u 1 inn e*d ageing are 
given in Table 21. 'For purposes of comparison (similar data for 
alloys of the same zinc content, but without magnesium, are included 
in this TabV. , 

It will be seen from the above 'Table, that jy >th alloys in the hot- 
rolled condition give results decidedly higher than the pure 
aluminium-zinc alloys free from magnesium. After quenching, 

,the alloys containing magnesium were very much softer than in 
the hot-rolled condition. A certain amount of hardening occurred 
on ageing, hut this was not sufficient to restore, the alloys to the 
strength which they possessed after hot rolling alone, fn view of 
other developments, the study of zinc-aluminium alloys containing 
magnesium has not been carried further. 

After the installation of the experimental rolling-mill at the 
National Physical Laboratory, the study of the behaviour of 
ternary alloys, to which magnesium had been added, was carried 
on concurrently with that of the ternary alloys without magnesium, 
which has been described above. The alleys used had the composition 
indicated in Table, 20. 


■ 


TABLE 

20. 



£ 

- 

9 

10 


n 

12 

13 

Copper . . 


n 



a • 

i 

i-a , 

2-5 

Zinc . . 


15 

20 

1 

2o r 

j 

i:i 

13 | 

Magnesium 


0‘25 

0-5 

1 

0-25 

0-5 

0-5 i 

Silicon* 


- 

c 

; 

i 

“ 1 

- 

1-0 

Iron* . . 



• ~~ 

l 


- 

■' S 

Aluminium 

• 

. . i Remainder. 

! _ • 

* Not exceeding 0-2 except whoie otherwise?stated. 

I 

1 


• op 

The first, attempts to roll billets of these alloys without previous 
forging led to consistent failure When forging was first attempted, 
it was found that the presence of magnesium in the qjloys very 
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considerably'incjreits^d the difficulty of forging, ns tlie.ro was a 
greater liability to crack. Tn view of the difficulty of forging 
these alloys, attention- was turned at this stage to the possibility 
of bringing them into workable condition by use of the extrusion 
process. The wor^ on extrusion is more fully dealt with 
in a separate section of the. present Report, but it is desirable 
to record in this place that alloys of compositions 9 and 12, Table 
25 were more or less successfully extruded, and in the extruded 
state proved readily amenable, to hot-rolling. In addition to the 
above, one very considerably harder alloy, subsequently known 
as alloy " K,'’ and having the nominal composition : - 

Per cent. 

2-5 
20-0 
()• j 
0-5 
<••201 

(I-21)5 not exceeding, 

was also successfully extruded, although a part of the extruded 
bar was seriously cracked. After rolling sonnil portions of this 
material down to a diameter of f inch, it gave tensile test results 
as shown in the Table 20. 


Copper 
Zinc . 
Magnesium 
Manganese 
Iron. . 
Silicon 


TABLE 20. 


PrimitiveEl.Limit. 1 1 Yield stress. I Ultimate stress. Elongation percent! 

I Tons por sq. inch. Tons per sq. inch. Tons per sq. inch. on 2 inches. | 

i 1 1 1 

22-1 32-9 37-8 

18’9 32-1 • 3G-8 

. 

The elasticity curves and the load-extension diagrams for the two 
specimens, from which the results given in Table 20 were obtained, 
arc’shewn in the graphs of Figs. 00 and 01. 

.The above results constitute a considerable advance on any 
Unlit alloys previously ‘produced, so far as tensile properties are 
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concerned. Special attention was therefore devoted to tltc further 
development, of alloys M this type, and particularly to .heir production 
in the form of sheet. 1'or this purpose, the extrusion process which 
proved itself very useful for the production of alloys in the form 
of rods and bars, was much less suitable, an^i for this and other 


Fro. 02. 


Sheet (IS Gauge). Compositions 12 n-d IS. 



reasons it became necessary to continue the study of methods of 
producing the./- alloys from cast slabs by rolling. 

Concurrently with the extrusion experiments described abovCj 
further efforts were made at forging and rolling slabs | inch thfrk. 
Tn the case of compositions 12 and 13, Table 2.T 7 some sficejss 
was obtained. The results of tensile tests on*]8 gauge sheet of those 


Elongation per ce£t on 2 inches. 
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composition* (1,2 U\«i 13) aft :r annealing at 250° C., and after 
quenching from 350° 450° C. and 500° (1., followed T>y ageing 

from five to ten days; are shown in the curves of Fig. 62. These 
results indicate marked age hardening, the tensile strength being 
increased by as much as 50 per cent above that of the annealed 
material and 30 per cent above that of the material as ho,t rolled. 
The alloy corresponding to column 13, containing intentionally 
added silicon, proved to be more readily rolled and was practically 
free from edge cracking. 

The experience which had been gained at this stage of the 
research, in the production of rod and sheet of the alloy “ A ” (3/20), 
suggested that possibly the difficulties met with in the attempts 
to forge and roll the harder alloys containing magnesium might bo 
traceable to defects in the billets and castings. Special attention 
was therefore devoted to the method of making and casting these 
alloys, 


Method of gliding anil Canting Attoijn Containing 
Magnesium. 

In making these allpys, magnesium had hitherto been added 
in the form of an alloy of magnesium and aluminium containing 
20 per cent of the former metal. Slabs made in this way, however, 
were found to he seriously defective when examined microscopically. 
This appeared to he duo to the inclusion of oxide, coupled with 
unsoundness, and 1 it seemed probable that a large part of the 
difficulty from era’cking during bo^h forging and rolling might be 
attributable to these defects. Micro-sections of the magnesium- 
aluminium alloy showed similar defects, and its use was therefore 
abandoned. The practice was adopted of adding the magnesium 
in the form of the pure metal, cuf into one or. two pieces of fair 
size. These weje added to the molten alloy just before pouring. 
Slabs made in ^his way were found to be practically free from 
defects and gave very much improved results on working. The 
mrfgnosium was introduced into* the molten alloy by tbe device 
wtych’has already been described in connexion with the production 
of casting alloys containing magnesium [see Fig. 20, page 33). 




' ” • 
temperature, 350° C., was the most satisfactory, and that as much 

as 30 per cent reduction could he obtained without .cracking. 
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Subsequently it win, found preferable, to use a still lower working 
temperature, 300" (!. 

This is illustrated by a series of forging tests made, on strips cut 
from larger chill east slabs measuring 7 inches by 14 inches by 11 inch 
thick, the strips themselves being 5 inches long by II inches square 
section. Forging was confined to an area at one end which could he 
covered by a single blow. The results are shown in Fig. 63, 
showing the reduction in thickness produced by twenty-five and 

TABLE 27. 


Tensile Tests. 

Al.hu “ K.” 

18 Gauge Sha t. 


Yield stress. 

Ultimate 

1 stress. 

Tons per 
M[. inch. 

Elongation 1 

Condition. 

Tons per 

8f|. inch. 

per cent on 

2 inches. 

( 

2C-a 

31-1 

15 

Ashot-rolled . . .j 

24-8 

32-6 

1C 

Annealed 250" C. 

14-5 

25-3 

20 

Quenched 250° G. and aged 

13-7 

23-3 

22 

Quonched 350° C. and aged 

27-3 

30‘5 

10 

Quonched 400°C. and agedj 

27-8 

3S-7 

9 

30-5 

39-1 

11 j 

• 

fifty blows respectively at 

various temperatures. 

At 450° C. it 


appears that the alloy is hardened so much by twenty-five blows 
that a further twenty-five blows produce little more reduction, 
while at 300° C. such an actioit does not occur. 

* Ultimately it was found that by using a blow distinctly lighter 
than tbatrfimployed in the case of tfte alloy “ A' ” (3/20), slabs could 
be reduced in thickness of from 5 to 10 pcrcentin odo stage. After 
this preli minary»f urging treatment, it was found possible to break 
t^e slabs down in the rolls at .'^similar temperature (300-320° C.) 
an? to effect a^50 per cent reduction in four passes. For further 
rolling of blanks to thinner sheets, a higher temperature, 400° C., was 
adopted. 
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With this alloy, cdgc-cracking during broahh'w down was never 
completely eliminated, as had born done in Jie ease of the alloy 
> *' A ” (3/20), so that a eonsidcrable percentag" of scrapcould not be 
avoided. Oace the material hi d beep reduced 50 per cent in 
thickness and had been trimmed to remove era ;ked and defective 

i *> 

portions little further trouble with cracking was experienced. 

Results typical of tensile tests of this alloy “ (E)” after rolling 
to a thickness of O’ 05 inch, and after receiving the various forms of 
heat-treatment indicated, arc given in Table 27. 

It will bo seen that tills material attains a tensile strength of 
from 38-39 tons per square, inch when fully hardened and aged. 
After quenching at 350° and 400° C„ however, the ductility, as 
shown in the above Table, appeared unsatisfactory, and further work 
was undertaken with a view to effecting an improvement m this 
property without undue sacrifice of tensile strength. The 
composition of the alloy was modified in two ways, (1) by reducing 
the magnesium content, (2) by reducing the magnesium content 
and adding silicon. The compositions trh;d were as follows : — 


Magnesium 



; 0-25 

0-25 

Manganese 



0-5 

0*5 

Silicon 



0-5 

1-0 

Copper 


• > • 

; 2-5 

: 2-5 

Zinc 



i 20-0 

20*0 


Aluminium 


Remainder. 


The results obtained with material of these two compositions, 
treated otherwi..e in exactly the same manner ar> that described 
above, ai\ given in Table 28. # 

It will be seen that both modifications show a material 
improvement in regard to elongation, with only a comparatively 
small reduction in tensile strength. 
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Subscqutjt tollif successful production of the alloy “ K”atthc 
Laboratory, its manufacture on an industrial scale was studied and 
developed at the Jtoyal Airship Works at Qardingtoii, at that time 
under Messrs. Short Bros. Efforts were there eoneen't'rrted mainly 
upon the reduction jp the percentage of scrap, which, owing to the 

TABLE 28. 

Condition. 


As hot-rolled . 

Quenched 350° and aged 
Quenched 400" and aged 

occurrence of edge cracking, wasstill somcwhatscrious. Modifications 
*'in the procedure of manufacture, and also some modifications of 
composition suggested by the present Authors were tried. The 
modifications of procedure consisted mainly in (1) machining of the 
surfaces of all cast slabs, and (2) modifications of composition 

< 

(1) Machining of Slabs. —It is probable that if entirely perfect 
slabs free from surface defects could be produced, machining would 
not be necessary and would indeed offer no advantages. In actual 
industrial practice, however, it sccrhs that machining of the surface 
is probabfy cheaper and more effective than the rejection of all 
slabs showing ra^nor defects. A further modification of treatment 
was introduced alter machining, by submitting the slabs to a 
preliminary annealing before Gorging. After this preliminary 
annealing, and'using the larger slabs and heavier hammer installed 
at those works, it was found possible to give the slabs a reduction 


Yield stress. 
Tons per 
sq. inch. 


1 2 


27-1 

24-8 

20-9 

2C-9 

26'G 

22-2 

28-4 

20-6 

28-C 

26*0 

28’4 

28-4 


Ultimate 
stress. 
Tons per 
sq.inch. 


1 

32’2 

2 

30*8 

31-9 

31 G 

3G-3 

33-7 

3G1 

33-8 

38-2 

35-4 

36-0 

35-3 


Elongation 
per font on 
2 inches. 


1 

i 2 

18 

15 

13 

15 

IS 

12 

14 

12 

13 

15 

14 

1 

; i6 
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In forging of 30 per cent in thickness. Aftj • tins tfeatment the 
rolling presented fewer difficulties, and the amount of scrap was 
very largely diminished. In addition, it was found, much to the 
Authors’ graiification, that the, more dr* Stic treatment, which could 
be, given to the material in a larger plant, 'ad to an improvement 
in the ductility of the ultimate product, This will be seen by 
comparing the, results given in the summary Table 40, page 111. 

• 

(2) Modifications of Com position.- —In order to obtain a somewhat 
softer alloy, two modifications of composition were suggested by 
the Authors and were tried at Cardington. The first of these, 
known as alloy ,- F,’ consisted in the addition of a small amount of 
silicon (such as to bring the total silicon in the alloy up to 
approximately 0* 75 per cent). As will be seen from the, summary 
Table 40, page HI, this effected a certain amount of softening, 
reducing the average tensile strength to 35 tons per square inch 
as compared with 39 tons per square inch of the alloy “E,” with a 
corresponding increase in elongation to 18 per cent as compared 
with i;, per cent of alloy “ E.” A further modification, leading to the 
alloy known as “G,” was made by reducing the percentage of all 
the added elements except copper, including zinc, manganese and 
magnesium. The composition aimed at was as follows :— 

Copper.2*5 

Zinc . .1*80 

Magnesium ...... 0*85 

Ma; 'anosc.* . 0*35 

Si' uon ....... 0*80 

Aluminium.romaindor 

This change in composition produced very little diminution in 
tensile strength as compared with alloy “F,” hut a considerable 
increase in elongation was obtained. This also 0 will be seen on 
reference u> tl ,* summary Table 40, p.*ge 144. 

Development if Alloy “ Y.” 

The work on casting alloys for use at high" lempcratuics, 
described in Section II & of the present* Report, had indicated 
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the remarkable pW< periie.s, particularly at high temperatures, 
which were found in the alloys of aluminium with copper and 
nickel and still more in the alloys with copper, nickel and 
magnesium. Not only was it found that these alloys maintained 
their strength at a high temperature to a greater degree than 
any others which had been tested, hut they combined with this 
properly the development of a degree of ductility, remarkable 
in east material, in that range of temperature, which is usually 
employed for the rolling of aluminium alloys, that is, the range from 
300° to 150' 1 0. This ductility, which exists even in alloys containing 
relatively high percentages of copper and nickel, suggested the 
possibility that these materials might be suitable for forging and 
rolling, and it was further hoped that in the wrought condition, 
particularly after heat treatment, they might still display the 
power of retaining their strength at high temperatures to a 
special degree. This was regarded as of particular importance 
because alloysofthe type of “ A” (3/20), and of the type of “E ’ and 
its modifications, ho# ever useful and promising at ordinary 
temperatures, were remarkably deficient when any attempt was made 
to use them at elevated temperatures. For such purposes as 
connecting- rods of aero engines, for example, it was evident that the 
* alloys containing notable propo rt ions of zinc were entirely unsuitable. 
This latter class of alloy, also, had shown certain definite limitations 
arising from such matters as “ season cracking ” and corrosion 
(.see below, page 17?), which rendered it desirable to look in other 
directions for alloys which should .as far as possible combine the 
remarkable strength of the zinc alloys with freedom from these 
limitations. It is in this direction particularly that alloys of the 
“*Y ” type, containing copper, nickel and magnesium, have been 
developed gnd studied. 


Exploratory Work. 

anneaKn erieS °* t x l^ OMlor y '"‘'Ihngs wcro ma,lp > the alloys being 
t th ■ ^ le ^ 0Tm rods 1J inch diameter and 10 inches long in 
, jnoulds. The (nominal) compositions of these alloys 



A)-.L' VS KESEAltCHI. 


113 


together with tli -ir l>eliovioiir on rolli.v*.' up * shown in 
Tnhh- 20. 

Tin* reduction annod at. in rolling was from 1J inch to § 
inch ilianier.i^. It will ho seei tlnif -yith the exception of one 
or two liars combining a high percentage oi magnesium (.*! per cent) 
good rolled rod was obtained from all the alloys. Special attention 
may lie drawn to the fact that the alloy I'll, Table 29, containing 
copper 9 per cent and nickel per cent was satisfactorily rolled. 
In thi' Eighth Report to the Alloys Research Committee, Carpenter 
and Edwards state, that alloys of aluminium with copper alone, 
containing more, than 4 per cent of copper, can only be rolled, if 
at all, with very great difficulty. With the facilities and knowledge 
now available, this limit could probably be extended somewhat, 
andalloysof the “ I) " type (resembling Duralumin) have been rolled 
containing copper up to (i per cent. There can be little doubt, 
however, that an alloy containing 9 per cent of copper alone could 
not bo rolled satisfactorily if at all. We have here, therefore, the 
very remarkable fact that the addition ofo per cent of nickel, 
which !./ itself would act as a hardening agent, markedly increases 
the ductility of an alloy containing 9 per ceijt of copper, particularly 
at high temperatures. Further reference to this influence of nickel^ 
will be made below. 

A series of tensile tests, which could only be regarded as 
preliminary, were made on the rolled-rod obtained from the above, 
series of alloys. These tests gave low values, ’probably because 
the amount of reduction which Jiad been possible in the rolling of 
those small chill cast ingots had not been sufficient fully to develop 
the strength of the material. On° the other hand, these tests 
showed that the rolled alloys at temperatures up to 200° (f. 
maintain their strength very well, particularly those qrmtaining 
copper, nickel and magnesium. The loss of tensile strength at 
200° C., in the e_se. of the alloy containing copper 4Tpcr cent, nickel 
2 per oud, magnesium i'5 per cent (subsequently known as th(* 
“ Y ” alloy), did not amount to more than 10 per contyif the, strength 
-at the ordinary temperature. This may be compared with a less 
of about 50 per cent for hot-rolled rod of alloy “ A” (3/20) k 
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Lan/ei Billets. 

The production, particularly o£ the “ Y” alloy, in this form of rods 
hot-rolled f%>m 3 inch diameter chill cast bil'cts was next studied. 
At the same time, in order to ascertain tne jfiect of modifications 
of composition upon the strength of the alloy, some billets of 
modified composition were cast and rolled. For purposes 
.of comparison, a series of alloys of the ‘'D” type (resembling 
Duralumin in containing about O' 5 per cent of manganese, with 
()• 5 magnesium) were cast; in one of these, the copper content 
was increased to 0 per cent and in another an addition of 2 per cent 
of nickel was made. These were rolled and treated together with 
alloys of the “ Y ” series. The compositions of the alloys of this series, 
as found bv analysis, are given in Table 30 together with the results 
of breaking down in the rolls from 3 inch diameter to J inch diameter 
hot-rolled rods. The aUoys marked with an asterisk in the Table 
were forged before rolling, but the first two, of the “ Y ” type 
proper were rolled without preliminary*forging. 

ft /ill be seen from the Table, that no great difficulty was 
experienced in rolling these alloys except in the case of the. l 'D” type 
alloy containing (i per cent of copper, which split somewhat at one 
end. The “ Y ” alloy, both in this series of tests and the. previous* 
series fiom 1J inch diameter chill billets, proved capable of being 
rollerl without preliminary forging. It was subsequently foundj 
however, particularly in the ease of rolling of sliecf, lhat it is a distinct 
advantage to . trry out a certain amount of forging before breaking 
down in the rolls. 

Tensile Tests. 

Tensile tests have been made on the rod, $ inch diameter, obtained 
from each of the alloys. The tests have been made, tat normal 
temperatures and at 100° 150° C. and 200° 0. •In all cases these 

materials had boon previously heat-treated, by bcinjf quenched from a 
temperature of 480° C. in cold water and aged for at least four da\g. 
The rcsultsof the tests are represented graphically m Fjgs. 64 (pa^e f 18) 
and 65 (page 119), the former referring to the alloys of the “ Y type, 
and the latter to alloys of the “ D ” type. 'The letters and numbers 



,E 30.—3 inch din. Billets to | inch dirt. Bod. 
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of these Figures arc the same as the irJentificatio f n*letter%e,nd numbers 
ot tlm alloys in Table 30. In Fig. 64 a graph ’"presentingthe tensile 
properties at various temperatures o f alloy. “A” (3/20) has been 
included for^miparison. Examination qf the graphs shows that on the 
whole, the alloy" 1’2 ” (now knd\vn as alloy Y ”) gives the best results 
at ordinary and liigb temperatures. The modifications of composition 
tried in this series of experiments do not appear to give any advantage. 

It will be seen from Fig G4, that at a temperature of 200° 0. 
the alloy “ Y ”(P2) lias a tensile strength of about 191 tons per square 
inch. This corresponds to the tensile strength of this alloy as 
hot rolled. It would appear, therefore, that at this temperature 
the hardening effect produced bv quenching and ageing is 
removed by prolonged beating. Temperature s up to 150° 0., 
and possibly slightly higher, however, can be safely used without 
producing any permanent deterioration of properties. Test-pieces 
of tins alloy have been held at 150° 0. for a period of 100 hours 
and afterwards tested at that temperature. They allowed only a 
negligible loss of strength compared «witl* specimens tested after 
haviji,, been held at the same temperature for only thirty minutes. 
This matter lias also been further studied by means of Brinell 
tests (hardness) made upon specimens held for prolonged periods 
at 175° C. Comparison with alloys of the “ I) ” type (Duralumin)* 
show t.iat the “ Y ” alloy is actually superior when held at these high 
temperatures in retaining the hardness previously produced by lieat- 
tivatmcnt. 

Fatigue Tests J, High Temperatures. 

In view of the fact that it \^is hoped to utilize alloys of the 
“ Y ” type in the construction of connecting-rods and other niovjng 
parts of engines exposed to derated temperatures, special importance 
was attached to a scries of fatigue tests made at femperatures 
up to 1*0° ' It was considered "hat this range, of temperature 
was sufficient for such materials, in view of the fact that even the 
hot end of the connecting-rod Sever attains anything like nfull 
temperature of a piston. The results of these,‘fatigue tests are 
given in the general Table of comparative fatigue tests, Table 16, 



Tons per sq. inch. 




Elongation per cent on 2 inches. Ton* per &q. inch. 
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Tcnsitt r fiats on Alloys, 1'Vfi “ D," c I Vinous Temperatures. 
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page 150. ft, will Uo.re be seen that tlie fatigue, range (safe range 
for alternating stresses) for the. “ Yalloy at 150° C. is distinctly 
higher than that of any other light alloy tested. 


* Production of Shed. 

. * 

The production of alloys of the “ Y type in the form of sheet 
presented comparatively little difficulty. The first experiments, 
were made, with chill cast slabs, J inch thick, and these were 
broken down at first at temperatures of 4()0” C., and later, when the 
results of some further forging tests had become available, at a 
higher temperature (180° This change produced a distinct 
improvement in the results of working. These, relatively thin slabs 
could be broken down with and without preliminary forging. With 
thicker slabs (1 i inch), a reduction of 10 per cent in thickness by 
forging was given in two heats at 240° C. 'This was followed by 
re-heating the forged blanks at 480° C. and their reduction in the. 
rolls to a thickness of, approximately O'75 inches in five or six 
passes. Tvpical results of tensile, tests on sheet O'05 inch thick 
produced in this manner, after heat-treatment, are given in Table. 31, 

I 

TABLE 31. 

j Material. Yield btress. Ultimate stress. cJntona'inchos. 

• | 

Tons , Tons 

I per sq. inch. per sq. inch. 

Shoet 0-05 inch! 141 22-8 18-0 

thick, quenched * 

!. and aged . . .) 118 22-1 21-0 

__ .. - 

Further^Improvcment of Alloys of the “ Y” Tyjk. + 

The advantages in regard to fatigue resistance and, particularly, 
in regard to resistance to corrosion which alloys of the“ Y"”type had 
beey found to present, made it very desirable to study these further 
with a view to improving.heir tensile strength. Hot-rolled material 
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which liad been (punched and aged’had not gl.eg tensile strengths 
beyond 25 tons per square inch, an<j this figure compares unfavourably 
with suolr alloys as “A ” (3/20) and still more &> with alloys of the type 
of “ Ji,” wlsilc even coinnicrei.d Dumiwiiir, generally gives higher 
figures in tie \<at treated and hardened coalition. Efforts were 
therefore made to improve those alloys in the first place by further 
changes of composition. In view of the fact that the compound of 
•silicon and magnesium (Mg.,Si) had been found to play so large a part 
in the hardening of alloys containing magnesium, it was thought 1 hat 
by increasing the proportion of silicon present in these alloys, a larger 
amouut of compound would be produced and that a corresponding 
increase in the degree ot hardness might be obtained. This was 
tried, but it was found not to be the case. The fuller study of these 
questions of hardening is described in another section (V (</)), hut 
there can be little doubt that the failure to obtain increased hardening 
by the addition of silicon in proportion to the amount of magnesium 
present must be due to the fact that the solubility of this compound 
in aluminium is restricted by the presence of fclativoly large amounts 
of copper and nickel. The addition of silicon beyond a content of 
O’35 per cent is therefore not desirable in chose alloys. 

A further series of alloys, in which the composition was varied 
by du nging in each experiment the proportion of one of the 
constituents present, were also prepared and tested. These alloy* 
were cast in slab form, slabs 4 inch thick, 12 inches long and 5 inches 
wide being ■■mplnyed. The compositions 01 these alloys, both 
nominal and as found by analysis, arc given in Table 32. 

The alloys of ell these competitions were found to undergo 
forging in a fairly satisfactory manner. On subsequent breaking 
down in the rolls, generally at temperatures of 500 g Gl they also 
behaved fairly well, but as a rule thcr A was more or kiss edge cracking. 
This could pro uably be corrected by slight modifications of casting 
procedure, while greater experience in rolling and treating these 
alloys would no doubt lead to improved results in regard to 
mechanical properties. > * 

In order to test the ■ fleet of heat-treatment on alloys^of various 
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composition,' as .shoim in Tabic 32, the sheet produced from these 
alloys was treated by quenching {rom various temperatures, ranging 
from 350° (I. to 450° U., and tensile tests were made on material 
aged after such quenching. The results of these rtensilc tests, 
corresponding to quenching from various temper/cures, arc shown 
in Table 33. It will be seen that a number of quenchfd strips 
cracked as a result of this treatment, and it would appear that 

TABLE 32. 

Composition per cent. 


Melt No. 



| 

Al. 

(!u. 

| Ni. 

Mg. 

Si. 

1 

Intended 

89'0 

CO 

1 2-0 

1 5 

0'9 

W817-9 . j 

By analysis . 

89-86 

5'84 

i'9G 

1'5 

O'84 

( 

Intended 

89-0 

4-0 

! 4'0 

1'5 

0'9 

W800-2 . > 

i « 






i 

By analysis . 

89-9 

S'87 

3-88 

1-5 

0'8t 

i 

Intended 

91 -G 

2-0 

4'0 

1'5 

0'9 

W8:,a -r. .! 







1 

By analysis . 

01 8 

1'84 

4-0 

l'.'i 

O'85 

1 

Intended 

88'G 

7'0 

2-0 

i ■;» 

0'9 

W8G2-4 ,j 

By analysis . 

88'98 

6'87 

1-74 

1-55 

0'91 

\Y871, A.B.C.J 

Intended 

89-l 

CO 

30 

10 

O'G 

1 

By Analysis . 

89-47 

GO 

' 2 1 93 

1-0.0 

0-55 


quenching from tcinpcratures’as high as 450° to 550° C. in cold 
water is too severe a treatment for some of the harder alloys 
containing higher proportions of copper. 

An examination of the results shown in Table # 33 serves 
to show that none of the modifications tried have brought about 
any material improvement in Jhe tensile strength of the heat 
treatetl and agfd alloys. It is, of course, possible that modifications 
boSh of rolling and heat treatment might produce better results 
with oue^or other of these alloys, and it may prove ultimately to 
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TABLE 33 .—Tensile Tot:. I’ 



Alloy. 





Nominal 
Composition j 

Condition 

Yield 
•tress. 
Tons per 

Ultimate 
stress. 
Tons per 

Elongation 
per cent 
m 2 inches. 

I 

1 

j 

1 

M^. inch. 1 

sq_. inch. 

Cu. i 

* l 
... i 

Ni. Mg. Si. j 

*1 J 



o i 

2 

4-6 


As rolled. 

11*5 

21-2 

7-0 

I 

i 




1 

Qucnchod 400° C. 

10-8 

21-5 

12-0 

l 

1 

i 


! 

„ 450" C. 

10-8 

23-3 

15 0 

i 

i 

i 


500’ C. 

Test Stiips cracked. 


i 7 i 

"2 I 

1-5 

| 

As rolled. 

0-6 

18-0 

5-0 

i 

! 



1 Quenched 400° ‘J. 

11-3 

20*2 

90 

s 

i 



„ 450° C. 

43-5 

22-5 

10 0 

1 

1 




„ 500 C. 

Strps cracked. 


! 6 

3 

1 

0 0 

As rolled. 

45-0, 

22 0 

0 0 

! 




Quonchcd 350° C. 

GO 

13-5 

12-0 

| 




400" C. 

9 V 

17'G 

12 0 

! 




450° C. 

41-0 

24’0 

7-0 ■ 





(Ono strip cracked.) 








Quenched 500° C. 
(One strip cracked.) 

10-o 

23'4 

GO 

4 

4 

1-6 


As rolled. 

7-0 

* 20-6 

GO 



. 

Quonchcd 4(XT#C. 

o-o 

17-0 

14-0 





450° C. 

8-9 

17-8 

14-5 





„ 500" C. 

13-8 

22-8 

13-0 • 

2 

4 

1-5 


As rolled? 

119 

20-0 

, 50 





Quenched 400 n C. 

7-2 

*5-4 

150 







9 

15-0‘ 





„ 450° C. * 

8-0 

10-8 





„ 500° C.* 

130 

23-0 

14‘0» ' 







#_ 



Note.—Q uenching for 450° C. to 500° C. in <pld wator seems too drastic 
for alloys with the high copper contents. 
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be desirable' t.o ^explore (be possibilities more fully. As far as the 
evidence, goes, however, it strongly indicates that the alloy containing 
4 per cent copper, 2 per cent nickel and 1-^ per cent magnesium, is 
probably, if not the best , ,at all events quite as gooj. us any other 
alloy of that particular type. 

The Vac. af 11 iijher Quench ini/ Temperatures. 

The quenching temperatures employed in the course of all the, 
earlier experiments in connexion with alloy “ Y,” were limited to 
480° 0. This was done on the basis of the belief that the alloy “ Y ” 
was closely analogous in constitution and properties to alloys of the 
“ U ’ typo (resembling Duralumin), and as is well known, alloys of 
the latter type cannot safely be quenched from a temperature much 
exceeding 500° 0. Simultaneously with the work already described, 
however, a research was being carried out on the constitution of 
the alloys of aluminium with nickel and copper, and it was found 
that when these alloys have attained their stable, equilibrium 
condition, those continuing copper up to and over 4 per cent show 
no critical point corresponding to the molting temperature of the 
eutectic formed by the,compound CuAlj with aluminium. Even in 
cast alloys wdiich have been annealed for six hours or more at 
480° 0., there is no critical point below 554° (’. Quenching 
experiments were also made on small chill cast ingots which had been 
held at a temperature of 540° for thirty minutes. When quenched 
in water these showed no sign that any liquid metal had been present 
at the moment of quenching. Subsequent development of the study 
of the constitution ot the aluminimn-nickcl-eopper alloys has 
furnished an explanation [of- these phenomena, since it appears 
That in the presence of nickel even in smaller proportions than 
2 per cent, the compound CuA1 2 dis'appears entirely when equilibrium 
has been attained. It seems to be replaced by a different body, 
probably of tl?b nature of a ternary compound of aluminium, copper 
,and nickel, which may or may not have the power of dissolving 
any excess qppper present. In addition, the alloys also contain 
particles of the compound NiAl 3 . The microstructure of the “ Y” 
alloy is discussed below'. Here, it is sullicient to indicate that the 
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addition,of nickel brings about a profound .mange of structure 
and constitution in the alloy, wliiij.li therefore cannot be regarded 
as analogous to alloys oi the “D ’’ typo. Froth the practical point of 
view this diffmioiee of constitution ami structure has the important 
advantage that It's possible with these alloys n.-employ considerably 
higher ipicuehing temperatures than those which can safely be used 
with alloys of the “ J) type. 

* Experiments on the application of higher quenching temperature 
to alloy " Y ” in sheet form, which had been prepared by hot-rolling 
from slabs 11 incli thick, were made by holding the material fur thirty 
minutes at 520“ C. and quenching it in boiling water. After ageing, 
the materials so treated gave very uniform results, typical examples 
of which are given in Table 51. 


TABLE .*54. 


Thickness. 

Yield stress. 

Ultimate stress. 

Elongation. 

Jr h. 

Tons per sq. itn*h. 

Tons per sq. inch. 

Per cent on 2 in. 

0 05 

1.J-X 

34-0 

20 

„ • 

IS-3 

23-0* 

20 




• 


Comparison of the above Table with Table 31 relating to similar 
material which had been quenched from 180° shows a distinct, 
improvement in ultimate stress and a simultaneous increase in the 
ductility. « 

Simultaneously with the work described above, experiments 
on the use of higher quenching temperatures were also carried out 
at the Royal Airship Works at Cardington, where work on t£e 
manufacture and treatment of alloy “ Y was carried cut in dose 
eonjimetiiyi with that of the present Authors. Experiments on the 
production of thick wire for the manufacture of revets out of this 
alloy at the R.A.W. had indicated the advantage which could lie 
gained from the application of cold-rolling to the tjeatment of this 
material. In accordance with this indication, the alloy, after breaking 
down hot from slabs 1J inch thick to a thickness of O'25 inch was 



Tensile strength, tons per sq. inch. 
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further reduced by*cold rolling, applied in stages each entailing a 
reduction of approximately 10 per cent in tliickness. At the end of 
each stage the alloy was heated to 480° C. and then quenched. After 
being rolled down to the thickness finally required, tlv material was 
subjected to a final .heat treatment by heating it 5110° C. followed 
by quenching in boiling water. The resulting sheet hasbemi tested 



Temperature. 

d 

both at the R.A.W. and by the Engineering Department of the 
National physical Laboratory at thb Authors’ request. The material 
shows an ultim%te stress ot 26 to 27 tons per square inch with 16 
to 18 per cent extension on 2 jnches in the case of sheet O’05 inch 
thick ; thinner sheet 0‘18 inch thick shows tensile strength of 27 
to*28 tons per^square inch with elongation of 15 to 17 per cent on 
2 yicfies. The effect of varying quenching temperature upon the 
ultimate stress, yield strtssand elongation of the “ Y ” alloy prepared 


Elongation per cent 
on 2 inches. 
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by cold rolling at the SIAM, is shown in th*'graph Fig. GG. It 
will be seen from tilat Fig. that the ultimate stress increases 
steadily with increasing quenching temperature up to 530° C. but 
falls markedly,when the quenchirg temperature is increased to 540° C. 
The elongation\^not much affected, but a qui .idling temperature 
between 020" (.* and 530" 0. ajipears to give the best results. 

Microstnidure of the Alloys. 

The mierostruclurc of an alloy containing four or, if we include 
silicon, five essential components is necessarily complex, and its 
interpretation taken by itself is practically impossible. The only 
satisfactory method of approaching a study of such a case consists 
in the systematic investigation of the equilibria and constitution 
and structure of tbe ternary system of alloys principally concerned. 
In the present case this is the system aluminium-copper-nickel. 
When this system has been thoroughly investigated, at all events 
so far as the aluminium-rich alloys are concerned, it should be 
possible to ascertain the influence upon selected groups of those 
alloys of additions of magnesium or silicon or both. In view of 
the very great promise and importance of alloys of the“ Y " type this 
investigation lias been begun in the Metallurgy Laboratory at tbe 
National Physical Laboratory by Dr. Ilaughton and Miss K". 
Bingham. The thermal curves of the aluminium-copper-nickel 
system, however, are of a very complicated and intricate 
character, and the process of unravelling the difficulties has proved 
to be lengthy. The results obtained up to the present time, although 
they furnish some indication of the general character of the alloys 
in question, are not sufficiently complete to justify their inclusion in 
the present Report. Such interpretations, however, as can be 
attempted of the microstructufo of alloys of the “ V ’^»roup, are 
necessarily based upon the preliminary results obtained by l)r. 
Haughton*and Miss Bingham. Some of these base already been 
referred lo. Study of the ternary system makes it clear that the 
addition of even small amounts ftf nickel to alloys of aluminium 
and copper produces a very profound change in their structifte and 
constitution, resulting, when the alloys are in equilibrium, in the 
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elimination oi the compound CuA 1 2 , and in the presence in the alloys 
of comparatively large quantities of a tertiary body containing 
both copper, aluminium, and nickel. In addition, the, compound 
NiAl, also occurs in these alloys. , , 

The mierost.ruct’.yy of the alloy “ Y,” as e.ast v has already been 
illustrated in Fig. 23, Plate 3, referred to in Section _ II (b), 
page 13. The structure shown in that photograph represents 
crystals of a solid solution consisting mainly of aluminium, together 
with a network structure of a dark etching constituent which, under 
a magnification of 150 diameters, merely appears as a ‘dark 
reticulation. Under higher magnifications, however, it is seen 
that this network contains two distinct constituents, and possibly 
more. It seems probable that the bulk of the network is made up 
of the ternary body referred to above, while the second constituent 
seen in it may very likely be the compound NiAI 3 . In what form 
magnesium may be present in these alloys has not been ascertained 
so far. 

The microstructurd of 'the oast material is very considerably 
modified after it has been reduced by hot forging to the extent of 
10 per cent. The resulting structure is shown in Fig. 07, Plate 9, 
under a magnification of 45 diameters, and in Fig. 68, Plate 9, under 
* SiX) diameters. Further modification of the. microstructure occurs 
when the forged material is annealed at 480° C. The structure 
resulting from treatment of this kind for thirty minutes followed 
by quenching in cold water is shown in Fig. 69, Plate 9 (by 150). 
Here considerable recrystallization has taken place, and in tho 
dark-etching regions the occurrence of two constituents is clearly 
evident. < 

" The effect of rolling on the microstructure of tho alloy is very 
marked. This is shown inFig. 70, J'lafe 9, under a magnification of 
150, taken from,a broken down blank 0 - 75 inch thiek } which has 
subsequently bfen annealed for.eightcen hours at 480° 0., with a view 
to bringing as much as possible of the various compounds into 
solid solution. In order to reta'n the compounds in solution, the 
mqfcnal has been quenched. It will he seen that in spite of this 
rather drastic treatment, a large amount of free compound is 
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Bt.ill present in the alloy. This ’is reniarh'Jilo ; n' view of the 
comparatively high Suctility which material in this condition 
displays. A sample of v rolled alloy when the* thickness has further 
been reduced ^o0‘ 2 inch is shown in Fig. 71, Plate 10 (by 150) air¬ 
cooled after rolln^. The amount of eompoui^l which appears to 
he present in Ibis structure is distinctly larger than that shown in 
Fig. 68, Plate 9. Finally,in Figs. 72, Plate 10 and 73, Plato 10. both 
amder a magnification of 500 diameters, are shown the structures 
of alloy “ Y” in the finished condition. Fig. 72 relates to material 
which has been hot-rolled and heat-treated, while. Fig. 73 refers 
to material which has been reduced in the later stages of rolling 
by cold working and subsequently heat-treated. 

For purposes of comparison with alloy “ Y,” two miorogranhs are 
shown in Figs. 74 and 75, Plate 10, which refer to alloys of modified 
composition described in Table 32. Fig. 75 refers to alloy 
“ W 871 ” containing C per cent of copper, 3 per cent of nickel, 1 
per cent of magnesium, in the condition as cast. Fig. 71 refers to 
alloy “ W 817 " containing 0 per cent of tsopjAr, 3 per cent, of nickel, 
and 1} per cent of magnesium after being hot-rolled down to a 
thickness of O - 34 inch and annealed for 3 hours at 500° C, It is 
interesting to note in the latter figure that the elongated crystals 
formed during rolling have not become oqui-axed in consequence 
of the p'olonged annealing to which the material has been subjected. 
In other respects the alloy “W 847” is very similar to standard 
*• Y” alloy. In the case of ” W 871,” Fig.7 5,«a strongly marked 
dendritic striu-aire is apparent, and this is not oft^n seen in castings 
of alloy “• Y ” itself. 

IIT(d). Extrusion. 

In Sections III a, b and c Shove, an account has li^cn given 
of the great difficulties which had to he overcome in the early 
stages of the piu 'action of both alloys^ - • A ’ (3/20) and “ B.' These 
difficultii- mainly centred around the problem of forging and^ 
breaking do'vn cast billets and slabs. Once this stuige bad b^n 
overcome, the further rolling gave no great trouble. In seafchjpg 
for a moans of overcoming these initial difficulties, it occurred to 
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the Authors that tin- extrusion' process might provide a means for 
bringing these apparently intractable, materials either into the 
finished condition required for service, or at least into a condition 
corresponding to that ot thf lolled blanks, which wopM be readily 
amenable to further rolling or other treatmcijl': Facilities for 
carrying out extrusion experiments were placed at their disposal 
with great readiness by the British Aluminium Company, first at 
their Milton works, and later at their Warrington works, and also 
by Sir (ierard Muntz, Bt., on behalf of the Muntz Metal Company, 
of Birmingham. Although, as has been indicated above, the initial 
difficulties relating to the forging and rolling of these alloys were 
subsequently completely overcome, so that recourse to the extrusion 
process cannot now be regarded as essential to the production of 
the alloys, yet the large number of extrusion experiments which 
have been carried out have yielded results of considerable interest, 
and a brief account of them is therefore included in the present 
section. 

The earlier extrusion experiments, carried out at Milton and at 
Birmingham, with a series of alloys of various compositions, showed 
that a large number of these alloys could be successfully extruded, 
but that for them the temperatures employed in the extrusion of 
' pure aluminium were much too high, while the pressures required 
for the extrusion of these harder alloys were very much greater 
than those required for aluminium. As it was anticipated, and 
the anticipation Vfas soon verified, that material extruded in 
relatively large sections could afterwards be readily rolled to 
smaller sections, the largest available, dies were then used for the 
extrusion experiments. This was done partly also in order 
tf> keep the pressures on the rams in the presses as low as possible. 
In ordeT farther to diminish the, pressures arising in tin- extrusion 
of these alloys, much shorter billets than those ordinarily employed 
with pure alutftinium were usqrl for the experiments. 

# A good deal of difficulty was experienced in obtaining extruded 
material free Jrom longitudinal defects, leading to a laminated 
fracture when a bar was notched and broken by a blow. Further 
reference will be made 't.o this matter in connexion with the study 
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of tlio microstrue f ure ami physical prop, iv-., of *Uio extruded 
material. At an early stage- of the extrusion experiments, however, 
it was realized that the cause of these defi c.ts, whie.Ii occurred in 
many extruded metals beside '.lie spee ; a! al'ovs under experiment, 
required e-onsui ’■able investigation. A series, of experiments were 
therefore carried out in which soft plastic substances built up out 
of different coloured layers, were extruded from small model 
^cylinders. The. results of this research will be described elsewhere, 
as they have a bearing upon many other matters besides the 
extrusion of light alloys. It may be stated here, however, that 
while it is not suggested that the. data obtainable by the extrusion 
of soft plastic, material are directly and quantitatively applicable 
to the extrusion of much harder materials such as alloys, yet the 
results obtained proved a very useful guide in avoiding defects 
of the kind indicated. 

It- appeared perfectly clear from the experiments in question, and 
was thoroughly confirmed by subsequent experiments with actual 
alloy billets, that the longitudinal centreI def. ct leading to lamination 
in ex', uded rod and bars is due to the drawing down into the bar 
of defects originally existing in the ingot, or drawing down into 
the bar portions of the skin, particularly from the hack of the original 
ingot. Two precautions were accordingly adopted which, to a very 
laTge e vtent, eliminated these defects. In the first place, the ingots 
were east in such a way as to avoid as far as possible the formation 
of a contraction cavity. The evil influence of this contraction cavity, 
or of tiie enclosures which are formed when thiS cavity is filled up 
by the ordinary process of “ following up ” with molten metal, can, 
to a large extent, be eliminated by turning the top or feeding end 
of the ingot towards the die in the extrusion press. The drawing 
down of the rear surface of the ingotinto the centre of the fair can also 
be avoided hv placing between the ram of the pr'ss and the billet 
or ingot a fne'ion plate. This is a, steel plate which on the. side 
turned inwards the ingot is provided with corrugations. These aje 
driven into the metal of the ingot and prevent the fiojr of the surface 
layers. While these precautions undoubtedly diminish, even if they 
do not entirely eliminate, the defects in question, yet in commercially 
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TABLE 35. 

Alloys extruded at Birmingham and Warrington. 




— 

, 






f 


Composition. / 

*■ 


Melt No. 

Diameter of 
oxtruded rod. 

Mg. 

Mn. 

Si. 

Cu. 

7m. 

Behaviour. 

97-mm. diameter to Jj-in. diameter (trom sand east 4J-in. diameter billets). 

Series A. 
Birmingham. 








wins . . 

l.j- inch 



_ 

3 

25 

_ 

Willi . . 

0-25 



3 

1 16 

- 

W1'J3 . . 

’> 

0*5 



s-r, 

: 13 

_ 


123 mm. to U and 2+ incli diameter. 



Series B. 
Birmingham. 








W104 . . 

1$inch 

0-5 

_ 

_ 


15 

Sound 

W214 . . i 

W234 . . 1 

1, 

0-5 

0*8 

- 

3 

- 

” 

W2W . .{ 

W217 . . 1 

tt 

0-5 

0-8 

_ 

4 

- 

' 

W235 . . 

,, 

— 

— 

- 

4 

15 


W230 . . 

•’ f 


_ 

— 

4 

12 

,, 

W237 . . 


0-6 

— 

— 

3 

151 


JV233 . . 

,, 

0-5 

— 

— 

3 

20 

Failed 

W239 . . 

,, 

0-25 

— 


3 

201 


W240 . . 


— 

— 

— 

4 

20 

Sound 

W241 . . 

,, 

— 

0*5 


2*5 

20 

„ 

W242 . . 


0-5 

0-5 


2*5 

20 

Crack at 
one end 

W243 . . 

2 ftieh 

— 



3 

20 

Sound 

W244 . . 

14. 

— 

— 


3 

20 

,, 

W245 . . 

2J inch 

— 

r 


;1 

20 


Series 0. 
Birmingham. 

f/m . . 

inch 

« 

0-25 



3 

15 


W2G8 . . 

0*25 


— 

3 

15 

,, 

W471, 473/474, 476, E, F, G, (H.T.) compositions all failed. 


V 

| (ij-ineb dian^eter to 4-inch x ?-ineh, and 5-inoh x IJ-inch sections. 

Series I) A K. 
.Warrington. 


r 






E*H.T.). . 


0-5 

0-5 

025 

2-5 

20 


P (H.T.). . 

* 

ll-fl 

0-5 

0-80 

2-5 

20 


G fli.T.). . 

— 

0-35 

0-35 

0-80 

2-5 

18 

— 
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extruded material, '.vlicro suck precautions vnot always taken, 
surli longitudinal detects are ven frequently found. They are not 
removed by subsequent, rolling or heat treatment of the extruded 
material, un^for that reason tin' Authors would prefer to see the 
use of rxtnide'l- material avoided as far as possible in the ease of 
the ligjit alloys described in the present Keports. 

Material* Extruded. 

The first series of extrusion experiments at the Wilton 
Works of the British Aluminium Company were confined to 
billets of alloy *■ A” (3/20). At a somewhat later date, two 
lengthy series of billets of varying compositions were extruded 
at the works of the Muntz Metal Company in Birmingham. 
Finally, in the latest extrusion experiments, billets of the 
alloy “E" and its modifications "F" and “G" were extruded 
at the Warrington works of the Britisli Aluminium Company. 
The compositions of the. billets employed in the Birmingham and 
Warrington experiments arc stated, log?thei*'7ith their identification 
numbers in Table 35. The same identification numbers are used 
in Table 3(), where, tensile tests on extruded and on extruded 
and subsequently rolled material are tabulated. The sizes of 
billets employed varied necessarily with the dimensions of cylinder? 
and containers available in the various presses. Those employed 
at Milton measured 5 inches in diameter, while those used il^ 
Birmingham measured in one series 97 mm. anifin another 123 nun. 
in diameter. The billets extruded at Warrington* on the other hand, 
were (ij- inches in diameter and the experimental ingots were east 
to those dimensi >r.s. As already mentioned, however, it was 
necessary to reduce the length of the ingots very considerably 
owing to the excessively high pressure which woulil otherwise 
have bcei^required. 

O 

Mechan iml Pro jierties. 

• , • 

The results of tensile tests on the material, bpth as extruded 

and alter further hot-rolling, and in some cases heat-treatment, are 
given, as already stated, in Table 3(i, 



I TABLE 36.—Tensile Tests. 

Material extruded Milton, Birmingham and Warrington. 


134 


ALLOYS RESEARCH, 


tc © 
O o 


a tn 
2 o 


H 




© ® 

fS 

5 I 




o o o o o o 


9 9 9 9;? 9 9 

6> O OO © L- 


0000 




« in -n »co 


co co o ei © c© o 10 O (do :ih 


CN CO 

-* l - 

CM Cl 


, o O L" O 


to O lit 01 


-CO COCO >» $} L- CO o 


© 3 

o " 
o w 


5 --(* *o 

Cx .a 

K « . H* 

E.S ^ 


a 

a 

< 


rO 

o 

a 


H"f -«?J -*N 


rH <N <N 

r-4 rH rH CO CO CO 05 

WWW WWW H 


— CO rH 

CO 00 00 

r r> r* w 

£ £ £ US 


CD CO *« O 
CO CO CO id 
H « N IM 

•> k !> > 

r* r* r* 


Laminated fracture. 













Yield stress. 1 Ultimate stress, i Elongation on 


ALLOYS RESEARCH.' 


CO O L- »0 
r-t t- CO 


'it’Z 
as 3 
.3 o 


| ■$ * 

? 5 J 

o '"3 

.3^0 


(N -N « 

fS iS*£ 





13C 


'ALLOYS RESEARCH. 


As regards- the alloy “ A,” a<-tonsile strength as high as 30' 5 tons 
per square inch was recorded in one ease, while several otliT tests 
gave results approaching 30 tons per squarejneh. In ,beso cases, 
however, the elongation waij always considerably below 20 per cent, 
suggesting that the material had received a certain amount of cold 
work during extrusion. This view is confirmed by thehnicrostructure 
of such material (sec below). Broadly speaking, it may be said that 
the tensile properties of the extruded material, when in a satisfactory, 
condition, are closely analogous to those of the same alloy when 
obtained by forging and rolling. The occurrence of the undesirable 
laminated structure, however, is indicated in the Table by a 
number of abnormally low results. 

In addition to alloy “ A (3/20), a number of other alloys of 
the ternary series, copper-zinc-aluminium, were extruded. These 
include tbealloy “ B " (3/25), and also an alloy containing! per cent 
of copper and 20 per cent of zinc. Neither of these, however, appear 
to present any very considerable advantage over alloy “A” (3/20). 

The next series of u'loys represent the effect of the addition of 
magnesium, varying from ] to 1 per cent, to various members of 
the ternary copper-zinc-aluminium system. These, even after heat 
treating and ageing, do not present any material advantage over 
‘alloy “A.” In the absence of copper (magnesium-zine-aluminium 
series) there appears to be no age hardening at all. 

The most interesting group of alloys are those of the type of 
alloy" IS.” In the extrudedand hot rolled condition, after quenching, 
this alloy in one instance attained the remarkable tensile strength 
of 40'7 tons per square inch. This is the highest tensile figure 
recorded in the present lleport. t 


Impact Tists. 

C 

A series of notched-bar impact tests have been made on the 
extruded material obtained fron\ alloy “ A” (3/20). For comparison, 
similar tests have also been made on extruded material of alloy 
“*Df’ corresponding in composition to “ Duralumin.” These tests 
have, bSen made on the Charpy International test-piece, 10 nun. 
square in section, 40 intn. span, with a notch 0 mm. deep and having 
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at the root a radius of | min. The energy of tfic blow was 
3'5 kg.u/M. Test-pieces for these tests were out from the material 
as extrudou in various sizes from inches tc 1 j inch diameter, and 
both sound jpid laminated material was employed. The sound 
material, as will be seen from the Table, gave results of remarkable 
uniformity, the impact figure being higher for the material extruded 
to the small diameter. A remarkable difference was, however, 
observed between the laminated and sound material under this 
test. In order further to emphasize this difference, test-pieces were 
cut from the laminated central portion of an extruded bar and from 
file sound peripheral part of the same bar. It may appear at first 
sight surprising that the impart figures for the laminated central 
portions of the bar are in every case considerably higher than for 
the sound external portion. If, however, the nature of the impact 
tests is considered, it will be seen that lamination must necessarily 
give rise to a relatively high impact figure. To make this clear, it 
is only necessary to consider the case of a test-piece made up of a 
bundle of thin plates. Such (dates, beyond the depth affected by 
the notch, behave us unnotched specimens and necessarily give an 
apparently high impact figure. 


Exlnman of Allot/s *‘ E,” •* F " and “ 

Some results of extrusion of alloy “ E ” have already been giver 
above. These refer to round rod, 1} inch in diameter, which wai 
the only material of this kind successfully exttuded. At a latei 
stage, a series of trials were made with the object of extruding flat 
bars suitable for subsequent rolling into strips as required for th< 
production of structural sections used in aircraft. A first attempt 
in this direction, made at the \?orks of the Muntz Metal Company 
Birmingham, failed completely, showing that the extrusion of thesi 
harder alloys was a matter of much greater difficulty than in tin 
case of such materials as alloys “ A ” (3/20) and “ B " (3/25). Later, f 
very much larger extrusion press, capable of exerting ji total preSsfliri 
of 2,000 tons, became available at the Warrington works’of.tlu 
British Aluminium Company, and further efforts to extrude flal 
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bars were ntodc with this phtat. The die first used gave a bar 
4 indies wide by f inch thick, but cxtrusiofl through this proved 
difficult with the harder alloys. Some sound,material was obtained, 
showing that successful extrusion should be possibly, but on the 
other hand, the front ends of the bars were in several cases severely 
split, and a large amount of tearing find cracking at the edges, 
particularly at the cornersof the bars, occurred. Somewhat similar, 
but still more marked, phenomena of this kind had been met within 
the experimental extrusion of alloy “A.” In that case, however, 
the violent splitting of the round bar after extrusion was found to 

TABLE 37. 


0‘05 inch Illicit strip rolled from extruded Flat section 4 in. x 4 in. 


Alloy. 

t 

j Yield stress. 

Ultimate stress. 

Elongation per 
cent on 2 inches. 

! 

1 Tons per sq. inch. 

Tons per sq. inch. 


j 

19-2 ' 

33-9 

15 

F . . 

| 

28-3 

33-G 

15 


24*2 

33-1 

19 

• ° ■ - ! 

26-8 

32*5 

17 


be duo to the use of an unduly high temperature. It would appear 
as if the metal, afte* passing through the die of the extrusion press, 
is under severe latetal compression. If it is too hot, and consequently 
too weak to resist this pressure, it is liable to split in a remarkable 
manner. It was found in the qase of alloy “ A ” that reducing the 
temperature, rapidly diminished this form of failure, until at a 
suitably low temperature it was elfininated entirely. In the case 
of the harder alleys now under consideration, the temperature used 
was 340° 0. to 360° C. At lower,tcmperatures the extrusion pressures 
were found to be excessively high. The difficulty in this case appears 
to ftrise from fyction at the corners of the rectangular section of the 
bar, which seems to result in a tearing of the edge at intervals. 
As the bar increased in length during the process this tearing 
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diminished and the later portions of the bars were generally 
quite sound. Had it icon possible to extrude much longer bars, 
considerable lengths of sound material would have been obtained. 

Sufficient t^pnd material of alloys “ K”and “Gwas obtained to 
allow of reasonable lengths being rolled into strips at the Cardington 
Airship Works (now It.A.W.). This strip was afterwards heat 
treated and tested. The results of tensile tests are given in 
liable 37. 

It will l)e seen that the tensile tests are slightly lower than those 
obtained from material of a similar composition prepared by forging 
and rolling. 

TABLE 38. 


0-05 inch thick strip rolled from extruded Flat Section 5 in. X 1,[ in. 


Alloy. 

Yield stress. 

Ultimate stress. 

Elongation per cent 
on 2 inches. 


Tons per sq. inch. 

Tons jb/ sq. inch. 


j 

18-0 

39-4 

12 

K 

23-1 

38-4 

y 

11 

( 

28-0 

34 • 5 

17 . 

Cr . . < 

21-8 

33-3 

15 


In view of the difficulties experienced in extruding the bars 
having a section of 4 inches by J inch, it was decided to try extrusion 
through a larger die. The Biitish Aluminium Company very kindly 
had a die prepared having an aperture giving a bar of rectangular 
section 5 inches wide by 1 1 inch thick. With this die it was fouifll 
that the pressures required we?e materially low<*r than # with the 
narrower section, and somewhat more successsfid results were 
obtained, although the temperature of extrusion 'could not be 
lowered very much. Even with these thicker bars, however, thert^ 
was still a large amount of cracking at the edges, aiyl particularly 
at the corners. Again, these defects occurred mainly at the beginning 
of the bars, and larger amounts of the various alloys were obtained 
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in the form of sound extruded Sections. Examples of suck extruded 
bars having defective ends but subsequently becoming sound, are 
illustrated in Fig. 76,-Plate 11. r 

The results of tensile tests on O'05 inch thick stjjn, rolled in the 
N.P.L. Mill from this larger extruded section, and heat-treated and 
aged, are given in Table 38. 

It will be seen that the results are somewhat inferior to those 
obtained from material of similar composition prepared by forging 
and rolling. 

Before the completion of the experiments referred to above, 
the problem of preparing alloys " K, ’ " F " and “ U in the form of 
rolled strips from cast and forged material had been solved, and 
the expensive expedient of installing an extrusion press for the 
preliminary treatment of these alloys could, therefore, he abandoned. 
These extrusion experiments were, therefore, not carried beyond the 
point described above. . 


Microstruduren of Extruded Muln inl. 

Microscopic examination of extruded material in the ease of 
all aluminium alloys investigated in the present research, shows 
at once that the material has undergone a change as profound as 
that which occurs when a cast slab is rolled and forged. Broadly 
speaking the microstructure of extruded material is similar to that 
of metal which lia.i been annealed after hot working. 1 here are, 
however, a few abnormal features of considerable importance. The 
typical structure, of alloy “A” (3/20) after extrusion into round 
rods 1]- inch and 2J inches in diameter arc shown under a 
]Magnification of 150 diameters in Figs. 77 and 78, I’lato 11 
respectively. Annealing at 450° Cl produces no appreciable change 
in such a structure as that shown in Fig. 77. In some cases the crystal 
boundaries of'tlie material aje curiously corrugated as shown in 
Fig. 79, Plate 12 (x 150). This is taken from a rod 1 ] inch in 
diSmcter. K^g. 79, and still more Fig. 80, Plato J2, show an 
abnormal feature which is very frequently seen in extruded rods. 
This is the presence of large elongated areas enclosed in a well-defined 



ALLOYS RESEARCH. 


141 


boundary, and sometimes appearing to be filled wijli a*mass of very 
iiiinute crystals. ' 

Annealing, even ator temperature as high as 450° (!., does not 
cat se these l.%nge elongated areas to br*ak up or disappear in any 
way. Either it. produces no effect whatever ff, in some cases, it 
causes the disappearance of the, internal network within the 
elongated "grain." The latter case is illustrated in Fig. 81, Plate ID 
(*X 150). Fig. Hi, Plate Id is taken from the core of an extruded rod 
showing a considerable amount of lamination. This flaw appears to 
contain fragments of metal, but their failure to coalesce on annealing 
suggests that they are surrounded by layers of lion-metallic material 
such as oxide or dross. The persistence of the elongated " grains ” 
seen in the better samples of extruded rod, may also be due to the 
fact of tlcir being contained in envelopes of non-metallio matter. 
They suggest the appearance of " sacks " of crystals enclosed in an 
envelope which acts as a harrier to rccrystallization. These elongated 
grains are, probably milder examples of the defect which in the more 
serious cases take the form of the flaws illustrated in Fig. 82, 
Plate 13. 

The general features referred to above^are common to all or 
nearly all of the alloys which have been tested under extrusion. 
In some cases, however, additional features make themselves felt. 

In the. case of alloy “ B ” (3/25) a hard dark-etching constituent 
makes 'ts appearance, and under high magnification this is found 
to have a finely-laminated cutectoid structure. This is the. 
decomposed /3 body of the copjier-zinc-aluminium system, which 
here exists in a meta-stable oondition. Its appearance is illustrated 
in Fig. 83, Plato 14 under a magnification of 600 diameters. 

The miorostructurcs of alloys of the types “ K,” “ F " and “ (5?” 
after extrusion and subsequent r<?!linginto strip are111ustra|edinFigs. 
84 and 85, Plate, 14 under a magnification of 150 diameters. In the 
case of Fig. 84, the etching reagon(*(nitrie. acid, 20 r per cent) was 
so chosen as to indicate as clearly as possible the presence of thj 
hard dark-etching constituent. In the case, of Fig. 8% on the otflcr 
hand, the etc,king reagent employed (10 per cent caustic potaeli) 
was selected for the purpose of developing the crystal boundaries. 
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Ill the latt.pl inode of etching, Iiownver, the dark constituent is 
unduly severely attacked so that it appears to he present in 
excessive amount. 

111(e). Summaries nml Comparative Data for Wrought Alloys. 

In the four preceding sections of the present Report, a large 
number of data have been given concerning the physical and 
mechanical properties of the various alloys studied. The necessity 
of describing these properties for each alloy in turn, however, 
makes it very difficult to formulate any estimate of the relative 
values of various alloys when considered from different points of 
view. In the present section, therefore, the results obtained from 
each of the alloys in typical tests have been tabulated and 
summarized as briefly as possible, in order to facilitate comparisons 
between the various materials. 

, ,7 ''ensile Tests. 

The properties of alloy “A ” ns revealed by tensile tests on the 
material in various sizes and conditions, are tabulated in Table .‘5!1. 
The data then' given /nay he taken as representing mean values 
i dV-rived in many cases from a very large number of tests. Much 
higher values have been obtained in special instances in nearly 
every case, but the data given are those which can he readily 
obtained in ordinary manufacture. For the purpose of drawing up 
specifications for example, these data might safely be employed, 
provided that a small margin id left between the specification 
figures and those given in the Table. 

* In the above Table, the data referring to “ Elastic. Limit ” state 
the stress in tons.per square inch at, which the .first departure from 
Hook's law was^ observed by means of a delicate extensometer ; 
the figures, thtifefore, represent the “ Limit of Proportio'nality.” A 
column lias also been included headed ” Limiting Proof Stress.” 
Tins has been done in view of the adoption of the term “ Proof 
Streak” in place of “ Yield-Point ” for non-ferrous alloys, and other 
materials not showing the ordinary typical yield-point of mild 
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TABLE 40 .—Summary Table, tensile Tests. Alloys “ E” “ F” and '■ G" Density 3-1. 
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Quenched 4CXT C.; aged, i — 25*28 30-4 > 35-4 
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steel, l>y the British Engineering Standards Association Committees. 
The, limiting proof-stress as shown, in the Table is the, stress which 
is just insufficient to produce a permanent deformation of l per 
cent on a gauge length of 2 inches. It has been determined by 
applying successively higher stresses and not dig whether or not 
permanent deformation has been produced at each step. The 
values given under Yield Stress ” are those, obtained bv the 
ordinary method of watching a tensile test-piece carefully with 
the aid of dividers, and noting the stress at which the first visible 
deformation takes place. The values are admittedly vague, but are 
retained for purposes of comparison. 

The tensile properties of alloys •• E,” “ F" and “0” are 
summarized in the same manner as those of alloy "A" in Table 40. 
Of these, the. softest modification, “ 0," was not available 
otherwise than in the form of sheet, so that data on rod of this 
alloy are not included. 

It will be seen that these alloys, with varying composition and 
treatment, give a very wide range of properties, reachinga maximum 
at 40' I tons ultimate stress in the case of alloy “ E” quenched from 
400° C. and aged. It will he seen, however, that this involves 
the use of a quenching temperature which is rather higher than tiny, 
regarded as advisable in view of the work on “ Season Cracking.” 
It is quite possible, however, that further work will show ‘that 
quenching from this temperature can be, safely employed. Quenching 
from a lower and perfectly safe temperature suen as .150° C. leaves 
the alloy only slightly weaker (ultimate stress 37*8 tons per square 
inch), and Yvitli a correspondingly greater elongation. There would 
seem, therefore, to be every advantage in using this lower quenching 
temperature. 

The tensile properties of alloy " Y ” arc summarized in Table 41. 

Finally, in Table 42 typical data for the different alloys in 
conditions suitable for various uses are placed side by side for 
comparison. ^ ^ , 

While a comparison of the kind instituted in chat Table is 
Bomcwhat of an arbitrary nature, since the, particular condition 
selected for each material might reasonably be varied, it vet suffices 



TABLE 41. — Summary Table. Tensile Tests. Alloy “ Y” (Density 2-80). 
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All in tons per square inch. 




TABLE 42 .—Comparison of Different Alioi/s—Tensile Tester 
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to show the typical differences between the various alloys described 
in the present Report, and their relative position as compared with 
the well-known alloys of the “ Duralumin ” type. This comparison 
is so easily made in the Table that no further comment is required. 
Front the point of view of tensile strength alone, however, it is 
possible to express the relative values of the different alloys,In terms 
of what has been defined in the Tenth Report to the Alloys Research 
Committee, as Specific Tenacity,” which is the tensile, strength 
(ultimate stress) in tons per square, inch divided by the weight of 
one cubic inch of the metal in pounds. Expressed in another way, 



TABLE 43. 



Alloy. 

Condition. 

Spocific 
i tenacity. 

Miles 
supported 
vertically. ! 

A 3/20 . 

I 

! Rolled, 29 tons per sq. inch. 

j 2G2 

0 ! 

E (H.T.) 

( Rolled, :'ieat treated, 39 tons 
{ per sq. inch. 

300 

12-G 

Y . . 

( Rolled, heat-treated, 27 tons 
\ per sq, inch. 

208 

a 

Duralumin 

( Rolled, heat-treated, 27 tons 
\ per sq. inch. 

208 

0 1 

J ! 

| 

Steel . 

Rolled, 30 tons per sq. inch. 

105 

3-7 1 


this same property can be stated in terms of the length of a rod or 
wire of the material which , 1 when hanging vertically, is 
just able to support its own weight. These data arc given in 
T^ble 43. ‘ 

t Strength at Low 1 Temperatures. 

In view of the low temperature to which aircraft structures, 
etc., are sometimes exposed ia service, tests have been made on 
the strength of various wrought alloys described in the present 
section of thistRcport, at low temperatures obtained by immersing 
then in frozen carbon-dioxide. The tests were made after ten 
minutes exposure to this low temperature (— 80° C.). The results 
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are shewn in Table 44, which shows the results of tensile tests 
at the ordinary temperature and # t — 80° C. placed side by side for 
comparison. It will be ,-.een that alloy “ A" is slightly stronger and 
harder at thr low temperature, than atfthe ordinary temperature. 
In the case of alloy “ E ” there is only a very slight increase in 
tensile (strength, but the elongation is slightly larger than at the 
ordinary temperature. In the case of alloy *' D," corresponding in 

TABLE 44. 


Alloy. 

i Test temp. 

i 

Yield stress. 

Ultimate stress. 

Elongation 
per cent on 2 in. 


i 

i 

Tons per stp in. 

Tons per sip in. 



irr c. 

10-70 

20-00 

18-0 

A 



30-00 

13-5 

(3 'JO) 

i 




-80° U. 

18-90 

29-30 

13-0 


15 C. 

21-55 

40-05 

• I 

9-0 

F 

j 

1 

33-10 

42-90 

12-0 


-80°C. 

35-40 

43-80 

12-0 


! 15° C. 

14-20 

25-30 

25-5 

I) 




• 


j -80" C. 

13-05 

20-10 

20-5 

composition to Duralumin, there is practically no 

difference. In 

no case 

can it be said that the alloys are appreciably affected 


by the low temperature. 

Fatigue Ranges. 

The fatigue ranges of a^whole series ef alloys have been 
determined by the Engineering Department of the Laboratory by 
means o£ the Wohler test, using a tubularo test-piece. The 
determinations have been made both at the ordinary temperature 
(20° C.), and also at a slightly elevated temperature (150° C.), pn 
view of the possible use of these alloys for the working ^arts of 
machinery exposed to slightly elevated temperatures, suck, for 
instance, as the connecting rods of aeronautical or automobile 
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engines. The results of the tests, expressed in te'ins of the safe 
ranee of alternating stresses whir, 1 ! the mater ail might, as the result 
of the Wohler test, he expectod to endure ^definitely, are stated 
in Table 45. The safe raliges are, expressed in to.',s per square 
inch, representing the limits of alternating compression and tension. 

The alloys included in the above Table arc not only those which 


TABLE 45. 

Fatigue Testa (Wohler Method) on Wrought Alloys. 


Material. 

Safe range of alternating stresses. 

Hot-rolled Itod, \ inch diamoter. 

20° <J. 

150" C. 

Alloy A (3/20) .... 

CO 

-h 

±4-5 

Alloy B (3/25) .... 

± 10 ■ 5 

- 

Alloy E*. 

± 9-7 

±5-1 

Alloy Y*. 

*» 

± 10-2 

±8-4 

Alloy Yj*. 

± 10-3 

±8'2 

Alloy Y»*. 

± 9-0 

±<;-r, 

Alloy I),* 

< 

±10-5 

±7-2 

Alloy D*. 

© 

-H 

±7-9 

Alloy T) a *. 

± 10-2 

±50 

Alloy M t 

± 9-0 

±7.0 

Alloy K 

± G-5 

± ,vs 


* I feat-treated and aged. 


haVe already been described in the earlier sections of the present 
Report, bvjt a nurfiber of others have been included for comparison, 
or for the purpose of studying the effects of minor modifications 
of composition, which, it was*hoped, might favourably influence 
tjicir resistance to fatigue, particularly at elevated temperature. Tire 
compositions o4 the alloys “A," “■ B,’’ “ E,” and “ Y" are as stated 
in tier earlier portions of the present Report. Alloy “ Y, ’’corresponds 
in <•(.inposition with the normal alloy “ Y,” but with the addition 
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of i per cent of manganese. Alloy • Y 3 " lias the same addition of 
manganese as alloy “ r ,,’' hut aho an addition of O’ 75 per cent of 
silicon. It will he seer, that neither of these, additions have improved 
tit. fatigue resistance of the material at high temperatures. For 
purposes of comparison, three alloys of the “D” typo, resembling 
Duralumin, have iieen included. The compositions of these alloys 
are similar to those o( Duralumin, but in the case of alloy “ D, ” 
4hc proportion of copper present was 3 per cent, in “ lb,' ’ 5 per cent., 
and m “ U(i |)cr cent It was hoped that possibly the increase of 
copper content would stiffen the alloys at high temperature as against 
fatigue stresses, much in the same way as an increase in copper 
content appears to stiffen castings under the. tensile test at high 
temperatures. It will he seen, however, that the actual results 
have been the reverse, at any rate, when the alloy with G per cent 
of c upper is compared with the softer alloy containing only 5 per 
cent ol copper. Alloy " M ’ contains copper 2 per cent, nickel 1’5 
per cent, magnesium 1 per cent, with the, usual impurities (iron and 
silicon). This corresponds very closely tc the illoy sometimes known 
under die name of " Magnalite,” Alloy “ It contains 6’ 15 per cent 
of magnesium and the normal impurities (iron and silicon). It 
will be seen that neither of these alloys afford any exceptionally 
useful properties in regard t,o fatigue resistance. * 

A general comparison of the figures given in the above 
Table 15 servos to establish the fact that from the point 
of view of fatigue resistance,, particularly at somewhat elevated 
temperatures, the alloy “ Y is superior to «ny of the others 
which have been tested. It may perhaps be suggested that the 
difference between a material having a fatigue range at 150° C. 
of ± 7’9 tons per square inch and one having a fatigue range of 
+ 8’ 4 tons per square, inch is not very great. It must be. pointed out, 
however, that the results of the present research as embodied in 
the above*Table make it very clear that even small differences in 
the, fatigue range at elevated temperature are difficult to obtain ; 
even comparatively largo changes in composition appear to affect 
this property to a verf limited extent, so that the difference in 
question, amounting to about 6 per cent in favour of alloy “ Y,” as 
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against the lost of the other alloys shown in the qbove fable, is 
of some value. Another result shown in the. ..bovc Table, although 
not of a particularly satisfactory nature, is the. j let that the, very much 
stronger alloys of type“E.” which under the ordinary tensile test 
show so great a superiority over such materials as '■ A," “ Y " and“ D,” 
give disappointing results as regards resistance to fatigue stresses, 
even at the ordinary temperature. The real reason for this remarkable, 
discrepancy in properties has not been established, and is a matte- 


TABLE 40. 

Compression Tests on Channels. 


Alloy. 


Load. 

Buckling stress. 



Tons. 

Tons per sq. inch. 

Alloy Y . 

1 

*1 

1171 

1 ■ 259 

13-20 

1110 

Duralumin (Vickers) 

./ 

1 

o-m 

1101 

11-15 

13 07 

Alloy A (3/20) . 

1 

‘ I 

1 *400 

1 -nui 

. 10-50 

18-02 

Alloy tV 

‘ 

' 1 

H12!) 

1*7111 

18-31 

10-32 

Alloy F . 

J 

t 

i-m 

2‘130 

20-97 

23-90 

AUoy E . . » 

1 

'( 

2*020 

2 100 

22 • 72 

23-02 


calling for further investigation. In this connexion it may be 
desirable to point- out that the, behaviour of these alloys under 
direct compressiotj is quite in acccrdanco with their behaviour 
under tension, so that weakness in compression alone cannot be 

cited as the, cattle,‘of failure under fatigue. 

c 

, Compression, Tests. 

Results of compression tests made on specimens prepared from 
hot-rolled rod of alloy “ A ’’ have already been described. Actually, 
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however, light alloys, as a rule, are exposed to compression stresses 
mainly in the form of i hannels or ther sections such as are employed 
in the construction o spars or airship girders. When, therefore, 
material in th ■. form of channels and oth r sections hecarne available 
for experiment, compression tests on the material in these forms 
were undertaken. The tests were carried out at the Royal Airship 
Works at ('aldington, and the results are shown in Table 1(1. The 
material used was channel, which bail been produced from rolled 
strip by bending in a roll-bending machine. It bad a thickness 
of O'ObS inch. Of this channel, (i-inc.li lengths were taken and the 
ends squared off parallel to each other and at right angles to the 
centre line of the channel. They were tested with free ends between 
ball Centres placed at the centres of gravity of the channel sections ; 
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the lengths between the hall centres was 7] inches, and the cross 
sectional area of the channel O'OH!) square inch. A section of the 
channel is shown in the sketch, Fig. 8ti. 

It will he seen that the results shown in tin above Table bring 
out in a remarkable manner the superiority ifhdcr this kind of 
compression stress of the harder and stronger alloys whose 
development has been described ; t\ the present Report. For 
purposes of comparison, a sample of Duralumin (manufactured oy 
Messrs. Vickers, Ltd.) has been included in the teso. It will be seen 
that the buckling stress of the channel of alloy “ E " ; s approximately 
double that of this comparison specimen. Even alloy “ Y,” whose 
tensile strength is not very much higher than that of the sample 
of Duralumin in question, shows a distinct advantage untier 
compression. Since it is generally admitted that in the construction 
of rigid airship structures particularly, failure usually occurs by 
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buckling under a oompression'stress of the kind employed, in these 
tests, the importance of these results is not To he underrated. 


General Pi.'iperlks. 

Apart from the quantitative, data set out for purposes of 
comparison above, a large, number of properties of these various 
alloys have been described and discussed throughout the present 
section of the Report.. On the basis of these general qualities, it is 
not easy to form a definite comparative opinion. There can be no 
doubt that as regards ease of manufacture alloys" A” and •* Y" are 
distinctly superior to those of the type “ K," “ K ” and '• (I.” On the 
other hand, the latter alloys possess certain valuable properties which 
may, perhaps, make it worth while to overcome the slightly greater 
manufacturing difficulties connected with their production. That 
all the materials in question can be, and actually have been, produced 
in industrial practice, establishes the possibility of employing them 
for engineering purpises where their properties are particularly 
useful. The limitations as to careful treatment which are required 
by all those alloys needing heat treatment, and also by alloy “ A ” in 
order to safeguard it against the risk of " season cracking,” have 
been fully discussed above. Probably the most serious limitation 
which is likely to arise in connexion with alloys *• A," “E,” “F” and 
“ (j," is that relating to their tendency to undergo serious corrosion if 
exposed to sea water or other severe conditions. The necessity of 
protecting them darefully from such exposure, either by selection 
of the circumstances in which they aie employed, or by covering 
them with a satisfactory protective coating, has already been 
indicated. It mush.be borne in mind that even steel is liable to 
serious and rapid corrosion under severe conditions, yet this 
limitation has npt seriously hindered the application of steel in an 
enormously wide range of engineering uses. On the other hand, 
there can be no doubt that alloy “ Y,” while still possessing valuable 
meohanioal prtpertios comparable, if not superior to, the best of those 
hitherto obtained with other aluminium alloys, combines with them 
a very remarkable resistance to corrosion. Another consideration, 
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which niiiy j>c fluids govern tho choice of alloy* fur various pur|K)Bes, 
is that of their Hi'tiuih en»i1>V. Fr mu tin 1 tKiinfc of view of relative 

j q 1 

strength ami weight o w the material, Table 13 als>vr, relating to 

the s|X'c.ific. tenacities of tho alloys, gives lata U]xin which a rational 

choice can he inaile. At the same time, it must be recognized that 

. * 

for ccrtien purposes a lighti*r alloy, even if specifically weaker, may 
be preferable in view of the fact that it can be employed in thicker 
stations which an* not so liable to local damage, etc. From this 
point of view,the slightly higher density of alloys *' A,’' ■■ E," “■ K” 
and ‘‘ G ’ is a correspondingly slight disadvantage ; on the other 
hand, alloy •' V ” is as light as any of the stronger aluminium alloys 
which have yet been prod need, 



Suction IV. 

PERMANENCE OF THE A I, LOTS. 

(«). Aiding. 

A i'j rtain amount of doubt has been thrown, from time to time, 
upon the reliability and permanence of aluminium alloys. The 
very extensive ami successful nee of certain alloys for aircraft and 
other purposes connected with warfare Kor, during the past few 
years, t.i a large extent removed the doubt. At the same time 
the phenomena, which have now become well known, of age 
hardening whicli occur in certain aluminium alloys, notably those 
containing magnesium, suggest that these allots are capable of 
undergoing changes at the ordinary temperature which bring about 
very important modifications in their physical projxirties. Whatever 
interpretation may he put upon these phenomena, they undoubtedly 
indicate that most aluminium alloys as ordinary temperatures exist 
in a condition in whicli internal changes and rearrangements can 
and do occur. The question is, therefore, a natural one whether in 
tho course of time these changes, which at first produce results 
markedly beneficial to the physical properties of ithe material, 
may continue or may alter in character with the effect of bringing 
about a deterioration. Throughout the present research the 
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Authors have kept these questions before them,' and t number 
of special experiments have been made witlv'a view to testing what 
changes, if any, arc undergone by some of the, more important 
aluminium alloys in the course of time. The very prolonged period 
of time through which the present research has been extended, has 
enabled them to make tests upon the same material at intervals in 
some cases of more than ten years. The evidence which they are. 
able to present as to the permanence and stability of the alloys-is 
therefore particularly important. It will he, seen, on perusing the 
present Section, that on the whole the evidence indicates very 
clearly that the alloys, while undergoing certain changes which 
generally tend in the direction of increasing the hardness of the 
material, do not deteriorate to any appreciable extent within the 
period of time covered by the observations, while in regard to 
retention of shape and dimensions they are adequately stable for 
all practical purposes, with the possible exception of such uses as 
accurate standards of length. 

The changes whic.fc are found to occur in certain of those alloys 
which have been studied for a sufficient length of time, all appear 
to lie in the, direction of an increase of hardness, together with a 
slight diminution in ductility as shown by extension under a tensile 
test. This gradual hardening in the course of time, appears to be 
somewhat analogous in nature to the age hardening which occurs 
usually in four or five days in certain alloys after they have been 
quenched from a sflitable temperature. The nature and mechanism 
of this age hardening lias been very fully studied and discussed by 
the Authors, an account ol their work being given in Section V d 
of the present Report (see pag* 235). As is there shown, it appears 
tfl be due to the gtadual separation from a state of solid solution 
which is stable it a high temperature, of a dissolved substance in 
a very finely dispersed condition. The condition that sqch a change 
can occur in an alloy after more or less rapid cooling, is that the 
^dissolved substance, in question shall be more soluble, at a high 
temperature than it is at the ordinary temperature. When this is 
th*¥ case, relatively rapid cooling will retain more of the dissolved 
substance in solution than can remain in that condition in a stable 
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state, and therms a tendency for some of it to become separated in 
a finely divided cone. Idon, thus producing gradual hardening of 
the alloy. It appeal)/ probable, although tt has not yet been 
definitely established, that the relatively slight amount of ageing 
which occurs in such material as alloy “A" in the wrought condition, 
and in somewhat similar alloys in the cast condition, is due to the 
separation of the copper-aluminium compound OuAI 2 . If this is 
correct, the amount of age hardening which will take place in a 
given specimen of alloy depends very largely upon the rate of cooling 
to which it was exposed after last being heated to a temperature 
in the neighbourhood of or above 400° C. It is not surprising, 
therefore, to find that various samples of the same alloy give 
somewhat different results in regard to ageing, since the exact 
conditions of cooling have not been regulated specially from this 
point of view. 


(i) Cast Alloys. 

Attention was first drawn to the fact that the physical properties, 
as revealed by tensile tests, of certain cast alloys undergo gradual 
change in course of time, when it was sought to establish the physical 
properties which could reasonably be demanded in a specification 
for a casting alloy for general purposes. Reference to these physical 
properties has already been made (sec page 16). It so happened, 
in.the eerlier stages of the present research, that test-piece castings 
had been prepared at a time when it was not possible to carry out 
tensile tests upon them immediately, with the result that in some 
cases tensile data had been recorded from samples which had been 
stored for several months before being tested. When it was 
subsequently attempted to repeat these results by means of test- 
pieces cut from freshly cast material, it was found’impossible to do 
so, and on looking into the matter it was quickly.;discovered that 
the alloys undergo a decided improvement in tensile strength as 
the result of a few months’ ageing. The alloys in question are thosii, 
containing from 2 to 3 per cent of copper and 12 to 15 pfcr cent of zinc, 
including the alloy now generally known as “L5,” and another 
(alloy “C ”) containing 3per centof copper and 15 percent of zinc. 
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The results 'of tensile tests on sand castings of these two alhevs when 
freshly made and after seven to ten months’ ageing arc tabulated 
in Table 17. ' e 

inspection of the above Table shows that in live, out of the six 


TABLE 47. 



Yield stress. 

Maximum stress. 

Elongation 

Age. 

Tons per 

Tons per 

per cent op 

square inch. 

square inch. 

2 inches. 


Alloy “ Lo.” Cast 1 in. diameter. 


9 days 

0-8 

8-5 

3-5 

9 days . . 

. . . 79 

9.7 

2-5 

10 months 

. . > 11-4 

12-1 

- 


Cast to shape. 


9 days 

... 8-7 

11-8 

20 

9 days . . 

8-7 

11-8 

2-0 

10 months 

. . \ ' i.2'3 

12-7 

1-0 


Cast 1 in. diameter. 


9 days 

60 

93 

20 

t 7 months . 

. . . 11-8 

124 

1*0 


Alloy C (3/15.) Cast 1 in. diameter. 


4 day . . 

... 4-5 

10-8 

2-5 

8 months . . 

... 8-8 

137 

..... 


, Cast vertically f in. 

diameter. 


C days . . 

. ■ ■ V'L 

13 2 

2-5 

9 months . 

. . 15-8 

170 

2'0 


Cast vertically 1 in 

diameter. 


G days 

. * . 7-4, 

• 

13-t 

3-0 

9 months . . 

. . . 11*3 

17-4 

3-0 



— 



eases ageing has resulted in an improvement in tensile strength of 
tlie order of §0 per cent. Little can be said about the change, if 
any, which may occur in ductility, as the amount of extension in 
these samples is so small that it cannot be relied upon to furnish 
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data sufficient y accurate for compa 'ison. It is interesting to note 
that in one ease the ir movement in tensile strength only amounted 
to 8 per cent, but in tl ,t instance, the tensile strength of the freshly 
cast material #as appreciably higher than in the others. In 
this particular ease the test-pieces are described as having been 
cast to shape. I his means that instead of being cast in the shape 

Fro. Hl. — liitnhwss (lirindl), Ageing. 



of parallel bars, from which test-pieces with screwed ends were 
afterwards machined, these particular samples were, cast in the 
shape of shouldered test-pieces which only required slight machining 
for purposes of accurate, finishing. The higher tensile strength of 
the freshly east material thus cast in a thinner section is, of course, 
in accordance with general experience with these a\d indeed v?ith 
most alloys. The fact that subsequent ageing does not improve 
these results to the same extent as those obtained with thicker 
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castings, suggests tliat the rate of cooling of the thinner pieces has 
been such as to bring the material already into a condition 
approximating to that which it would other rise attain as the result 
of ageing. Much more complete investigation of the whole phenomena 
of ageing, however, is required before it is possible to offer any more 
detailed interpretation of this example. 


(ii) Wroui/hl. Altoys. 

Reference has already been made in Section III (a) of this Report, 
dealing with the preliminary investigation of ternary alloys of 
copper, sine and aluminium, to changes in the elastic limit, ultimate 
stress and elongation, which certain of these alloys in the hot-rolled 
condition have undergone as the result of ten years' ageing. The 
changes there shown indicate a distinct improvement in tensile 
properties accompanied by only a comparatively small reduction of 
elongation. Similar series of changes are shown by hardness.tests 
made by the Brinell Bqll mt thod, results of which are. incorporated in 
the graph of Rig. 87, (page 159). In that Figure the Brinell hardness, 
both of the alloys when aged seven months and when aged ten years, 
is plotted against zinc lontent. It will be seen that all the alloys 
undergo very definite amounts of hardening, and that on the whole 
the amount of this hardening is greater with high zinc content. 
These figures, however, relate, to the difference between the alloys 
after seven months; and ton years’ ageing, and considerably greatei 
differences would probably be found if the comparison were between 
material aged ten years and that frAshly made. The above hardness 
tests refer in all cases to material which has been hot rolled to 1 j inch 
diameter. It will |>c seen below that material, in this condition 
undergoes ageing to a considerably less marked extent than the 
same alloys in the form of thin sheet. 

The whole question of ageing, particularly of hot-rolled material, 
has received much more attention in the ease of alloy “A” (3/20) 
$d»ere tests, bjth of freshly made* material and of material aged foi 
variotls periods up to 1,750 days (nearly five years) are available 
These tests, which arc tabulated in Table 49 relate to th( 
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alloy ill the forn of very thin shoot (O' 05 inch thick), thicker sheet 
(O' 01 inch thick), rolled rod I 5 inch diumet/', and rectangular bars 
1J inch wide by 1J inch thick. 

Inspection of the Table shows at once that ageing is much more 
marked in thin slnet than in the, thicker material. It is quite 
possible that this difference in behaviour on ageing is connected with 
tile fact that thin sheet when hot rolled necessarily undergoes much 
more rapid cooling than thicker sheet or than relatively thick bills. 
The actual ageing effect in the thinnest sheet, thickness O'05 inch, 
is very marked. The material as rolled varies in tensile strength 
from about 27 to 2D tons per square inch, with elongations varying 
from 15 to 20 per cent on 2 inches. After several years’ ageing, 
the average, ultimate strength of the thin sheet rises to well above 
,‘i'2 tons per square inch, together with a still more marked rise in 
the yield stress. Although, as has been pointed out in the 
introduction to the present Report,, these, values for yield stress 
cannot be regarded as having any very exact significance, the rise 
in the figures shown is'so marked that it clearly indicates a hardening 
of the alloy and a considerable increase in its elastic range. This 
very marked increase iij tensile strength and stiffness is accompanied 
l^' a relatively small reduction ill the ductility as indicated by the 
elongation on 2 inches. The lowest value found in the aged material 
of t hin sheet is 13 per cent, the average being 15 per cent, as compared 
with a minimum of 15 per cent and an average of just over 17 per cent 
in the relatively fresh material. These changes in tensile strength 
and ductility are comparable wit[i those undergone in a few days 
or even hours by alloys containing magnesium which have been 
suitably quenched. c 

In the thicker ‘sheet, thicknesjs O'1 inch, the results available 
are not, m strictly comparable because the tests on aged material 
are not made oil actual pieces of the same sheet, as those representing 
the condition immediately after rolling, except in the case of one 
.sample which unfortunately Jiml an abnormally low ductility 
(elongation) then freshly made. In this latter sample the elongation 
in “tlm aged material fell as low as 8 per cent, but in view of the 
circumstance just named, this result may be regarded as abnormal. 
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In the ease of , rcular rod and rectangular bar of greater thickness 
there, is still an app'f liable hai Idling evidenced by increase in 
ultimate strength and Veld point, the former rising from an average 
value of 20 to.^s per square inch to the neighbourhood of 27'5 tons 
per square inch. There is a corresponding bufjiiot very large fall 
in the ductility, ('omparison of the figures obtained from material 
which has berm aged for a period in the neighbourhood of one year 
with the results obtained from ageing of nearly five years, suggests 
that the ageing process is a very slow one and that it certainly 
has not been completed at the end of the first year. It, appears 
probable, however, that at the end for five years the ageing process, 
if not entirely completed, must at all events have slowed down 
so much that further changes can scarcely be of any considerable 
importance 

(ill). Other Alloys. 

Alloys " l£," "F" and and Alloy '■ Y ’’ represent such 

comparatively recent developments in’the work of the. present 
Authon., that data concerning their behaviour in regard to ageing 
are not yet available. Samples of early material of these compositions 

are, it is true, available which arc considerably more than twelve 

• 

months old. Material produced in the early stages of development 
of a new type of alloy, however, cannot be, regarded as satisfactorily 
representing the properties and behaviour of that material, and 
for that reason ageing results on samples of'this kind are not 
included in the present report. Bo far as alloys "*F' ! and “ G" are 
concerned, it is probable, from their similarity in constitution to alloy 
“A,” that a certain amount of gradual hardening is likely to occur. 
In view of the fact, however, that these alloys are a 1 ready age hardened 
after quenching a few days alter their production, it,does not 
ap|K;ar likely that the increase in hardness due to pxoionged ageing 
will he very appreciable. The same considerations apply to a large 
extent to alloy “ Y." 

From the point of view of tin* permanence and agttng properties 
of alloys which have been age-hardened after quenching, smiie 
data are available regarding tests on pieces of Duralumin cut from 
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the same piece n of channel, afl.or un interval of 11 /urly ten yeai 


Tlio material in question forms part of ail early attempt at tlio 
construction of rigid airships in this country/and was manufacture'll 


l>v the regular makers of liuraluinin. 


Tile results of tjie tests in ipiostion are shown in Table 50. 


TABLE 50. 


Thickness of 
material. 

Yield stress. Ultimate stress. 

Elongation 
per cent 
on 8 inches. 

Date of tost. 

- - 

Tonspersq.in. j Tons per sq. in. 



0-071 inch. 

16-9 : 36*6 

1GG | 

/ 

October 1911. 

0 *070 inch. 

17*5 27*5 

20*0 } 


0*070 inch. 

20*6 28*7 

16*8 j 

f 

.) anuary 1921. 

0*070 inch. 

20*7 27*7 

14*7 1 



It, will be seen from the above Table, that although the tests 
of the material varied slightly in duplicate samples, there is a definite 
and appreciable change in the tensile properties of the alloy after 
a period of ageing close upon ten years. It may he added 
that the material in this case, was stored in a eupboanl in the 
Laboratory and has been entirely unaffected by corrosion, vibration 
or other outside influences. It will he, seen that there has been a 
marked increase in yield stress. Although no very great amount 
of weight can lie attached to these figures, yet particularly in 
the case of Duralumin, this determination is sufficiently accurate 
to* show that, the differences between the tests <,if 1911 and 1921, 
as stated in the ithove Table, are real and indicate a stiffening of the 
material. This.is further borne out by a slight hut quite definite 
increase in ultimate stress, aqj a small hut equally distinct decrease 
jn the elongation. It must he jiointed out that these changes do 
not in the leitst suggest any serious deterioration ill the properties 
of the alloy; in fact, from some points of view, the aged material 
is better than that freshly made. On the other hand, these results 
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servo show 'juilc clearly that in Duralumin, a,s iii other alloys 
described in the p'-f nit Repot . internal changes may and do 
occur yver a period* of many years after manufacture, and it 
lias vet to .be ascertained whether hi any of these, materials 
these changes finally come to an end, or whether they continue 
indefinitely Imt slowly and in the same direction as that indicated 
by these tests, or whether, as is quite possible, the direction of the 
ehange is ultimately reversed and the alloys then tend to become, 
softer instead of harder. Fortunately, from the practical point of 
view, it is evident that these changes are very slow indeed, at all 
events after the first few years, so that except for structures in 
which permanence for a large number of years is essential, there 
need be no hesitation in relying upon the physical constants of these 
materials as determined a short time after their manufacture. 

1Y(&). Stability of Dimensions. 

At the time of the publication of thc.Tent.h Report, to the Alloys 
Reseat oh Committee, where the remarkable properties obtainable 
in castings of zinc-aluminium and ooppcr-zinc-aluminium alloys 
were pointed out, some doubt appeared to exist as to the 
permanent stability of such castings. Certain die-castings, descriied # 
as al iminium castings," had been submitted to the Authors for 
examination in a condition which made it dear that the material 
had undergone serious changes of dimension, leading ultimately 
to complete disintegration. Although it was, found that these 
castings consisted mainly of zinc, the question of the permanence 
of aluminium-zinc and copper-aluminium-zinc alloys in the form 
of castings particularly, appeared lo require investigation, if <}nlv 
in order to dispel any doubt whiah might interfere with the extended 
practical utilization of these materials. The behaviour df the alloys 
rich in zinS has also been studied, but the results of that investigation 
are described elsewhere.* * 

Early in 11(13, arrangements were made for the preparation 9f 

* “ Zinc Alloys with Aluminium and Coppor.” Hosenhain, Ilaughtdh and 
Bingham. Joum. Inst. Metals. Vol. xxiii, No. 1,1920. 
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a scries of castiiigs which could Ite used for observation in regard 
to possible dimensional changes oyer a |)criod (if years. By the kind 
co-operation of Mr. William Mills, of the Alias Aluminium Works, 
Birmingham, the, production of these castings w»- very much 
facilitated, as they yore prepared in the foundry of that firm under 


Fm. MS. 



« 

r 


the. personal supervision of one of the present Authors. In order 
to test the effect of possible yiinute changes in the alloys leading 
to slight warping in castings, it wars decided to use a moderately 
complicated fVisting embodying portions of varying thickness 
and />f such a shape, that warping should produce an appreciable 
effect. The pattern ultimately selected was a motor cycle crank 
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case, of i.li' on.nary type. A plan A lew of this crank-tase is shown 
in Fig. 88. For j, • ‘poses of nieasiirement of dimensions, tin; 
three lines indicated *./ the ietu s A. i> and- 0 in the Figure were 
seieetei? as Mhelv to afford the most severe test, of any minute, 
dimensional changes. In ordei’to allow of accurate measurement, 
small llijts vert m.tehined in the positions corresponding to the ends 
of these lines, thus allowing end measurements by means of screw 
giicrometers to lie made. These flats were machined with the 
greatest possible care in the Ungineering Department of the 
Laboratory, but it was found on measurement that it was necessary 
ill order to obtain consistent values with the delicate micrometer 
employed, to secure that the contact pieces of the micrometer 
touched the llat.s always at the same point. In order to secure 
this resuit, small circles were marked on the machined flats and 
measurements made within these circles. 

In order to ascertain whether exposure to the weather as 
compared with mere storage under cover would affect the behaviour 
of the castings, two complete series w«re prepared. The castings 
of one scries were exposed on the roof of the Metallurgy Department 
of tlm Laboratory, while the other series were kept in a store room. 
In both cases the flats machined for measurement purposes were 
kept covered with a coating of vaseline. This was found to aifcrd, 
complete protection from corrosion and other visible damage to the. 
flats and could easily be removed when measurements were to be 
made. t 

The material used included a range of allow containing 20 per 
cent of zinc both with and witlfbnt a number of intentionally added 
impurities. A second series induced alloys containing in addition 
to 20 per cent of^zine, 3 per cent of copper and a similar variety of 
impurities. For further purpofes of comparison,^n alloy containing 
4 per cent of copper only was employed. Finally, m order to 
ascertain’whether dimensional changes, if any, were to be traced 
to the alloys or to the added impurities, or whether they must 
lie attributed to the behaviour of aluminium itself, 4o11r 
castings were made of aluminium alone. Three of tliofc^ were 
made of the purest available aluminium (99 • 6 per cent), which for 
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* Percentage (limposition. 




No. 






« 




Scries. 

of 

Al. 

Zn. 








Cas, 






)<V 








Cu. 

lb. 

Si., 

Mn. 

Mg 



Pure. 

Coml 

Puro. Coml. 





• 



1 

80-0i — 

20 






' 


2 

79-0 


20 


1 






:i 

79-0 

— 

20 - 

— 

— 

1-01 




i. 

l 

79-0 


20 — 

~ 

_ 

- 

0-99 



Al-Zn 

5 

79-0] — 

20 

— 

— 

— 


1-00 


(20 per cent 

0 

79-51 - 

20 


— 

_ 

— 

— 

0-46 

Xn) 

7* 

so-o, — 

20 








8t 

80-0 - 

80-0 — 

20 








9 

20 








10 

— 

80 

20 








12 

77 "C 

— 

20 

a-o 






II. 

13 

70 0 


20 

3*1 

1 





14 

70-0 

— 

20 - 

3-0 


0-84 




A-Zn-Cu 

(3/20) 

15 

76-0 

- 

« - 

3-0 

- 


0-91 




16 

7G-0 

- 

20 

3-0 

— 

— 


1*00 



17 

76*5 

— 

20 — 

3-0 

— 


— 

- 

o*r» 


19 ' 

100-0 









III. 

20* 

100-0 
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one of *t.<io c.a 'tings had, before casting, been over-heated t.o a 
temperature of 950° 1 » and in a? tlier ease; had heeti intentionally 
contaminai/ed hy tilt addition %f oarhon'. For tlie fourth, 
commercial aluminium, as available at that time, containing a 

* I 

little over IK) per cent of aluminium, was employed. The exact 
coni positions of thf various castings used are given in Table 51. 

The measurements were made with very great rare hy means 
cJ a large screw micrometer. This micrometer had an adjustable 
gap, and was set in each case, by means of accurate end-gauges 
supplied hy the Metrology Department of the Laboratory. The 
micrometer and these gauges were of steel, and since the coefficient 
of thermal expansion of steel differs markedly from that of 
aluminium, th.fi temperature at which measurements were made 
was in every case carefully noted, and the results of measurements 
have been corrected for the errors arising from difference, in 
thermal expansion between the micrometer and the castings under 
measurements. In every case the castings were kept in the same 
room as the micrometer for some hours*before measurements were 
made in order to secure that they should attain the same temperature. 
Further, the micrometer itself was suspended hy means of an 
overhead pulley and counterpoise, so that only the actual measuring 
ends had to he handled by the operator. 

The dimensions in each case were read to inch, and many 

of the determinations were checked hy a second observer. Even 
with the greatest care, however, it was not found possible to secure 
consistent readings to this degree of accuracy, 5ml the individual 
measurements cannot, therefore* lie relied upon to an accuracy much 
greater than inch. Since the actual dimensions measured 

were approximatedv as follows :—(A) about 13*2 inches, (U) alfbut 
11 inches, and (C) slightly under 10 inches, this degree g£ accuracy 
of measurement appeared to be adequate for the,purpose, since a 
change of even of 1 per cent in^he dimensions of the casting 
would have made itself felt very markedly in the measurements. % 

The results of the actual measurements are showfl in the ^rajihs 
of Figs. 89, 90 and 91. These graphs relate to measurements 
on the series of castings which had been exposed to the weather. 



Variation in an inch (corrected to lo'' C.). 
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Correspunuing measurements made on t,ln* castings j!ept in store 
gave results so close similar 1 those represented in the Figures, 
that it is not thouglu-* worth whet- to reproduce the second series. 
As will be rqjm from the Figures, icyisurements were made at 
approximately six months’ interval over a period of about three 
and a half years. At the end of that period,owing to the increasing 
pressure of war conditions, these measurements were suspended. 
Unfortunately, owing to the long time required for the careful 
machining of the fiats on the castings, the first measurements were 
not made until the castings were approximately eight months old. 
The work on the, ageing of aluminium castings, however, which is 
described in the preceding Section of the present Report, indicates 
that the ageing process is by no means completed in the first 
eight months after tin* eastings have been made. If, therefore, anv 
dimensional changes are associated with the ageing phenomena, it 
would he confidently anticipated that such dimensional changes 
would continue for a period of several years after the castings were 
prepared, and would therefore be amply’shown in the present series 
of measurements. 

Examination of the graphs in Figs 80, 00 and 91 shows at once 
that actual dimensional changes of suftieient’size to he of importance 
for practical purposes have not occurred in any of these castings. • 
This result is interesting and important, as definitely establishing 
the dimensional stability of eastings of these kinds, even in the 
presence of intentionally added impurities and .after comparatively 
serious maltreatment of the metal in the case flf pure aluminium. 
The largest dimensional chalige*shown on any of the graphs of the 
present series occurs in the ease of,a pure aluminium casting, and 
even in that case, only amounts to an increa^* of inch m a 
dimension of 11 inches. This corresponds to a ciutnge of less than 
0-03 per cent in the dimension as measured, (fven this minute 
change appears to he exceptional, ajjd is probably *due to the fact 
that the material is extremely soft and that the casting may have 
been slightly distorted during manipulation. Examination of Abe 
details of the various graphs, however, shows that certain.very 
minute changes in dimension appear to occur in the ageing of these 
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castings.' Owing to their very minute nature, one' in' tempted to 
regard them as possib'w )f ae.cidem ! origin, arising from temperature 
inequalities in tin* mat.i ral or in t,f\c microim'tcr or other causes of 
variation, nn yadily traced, or as th" re,*ilt, of minute deformations 
of tin' castings during liandliug, etc. With the exception of the 
relatively large changes found in the, pure aluminium casting just 
referred to, and also in another casting of the same (pure aluminium) 
smies. however, these small dimensional changes appear to follow a 
somewhat regular order, and this regularity disposes of the idea 
that they can lie, due to accidental causes of the kind indicated 
above. Taking the graph for the " A ” measurement in Figs. Hit 
and !H) particularly, we find that this dimension in most of the 
graphs, hut iwt in nil, reaches a minimum value in the observations 
taken when the castings were twenty months old, and that after 
this period this dimension appears to return to a value which in 
most cases is verv near that from which it started when the 
measurements were, first, made. It is obviously very difficult to 
account for any such reversal of diluensional change, but a 
suggestion may, perhaps, be hazarded. It. is known that the 
ageing processes, described in the preceding Section of this Report, 
occur at different rates and possibly to different extents, in portions 
of material of the same composition which have been cooled*at • 
different rates, and therefore in portions of the same casting of 
different thickness. The minute dimensional changes which, it, 
might be anticipated, would be associated .with these ageing 
phenomena would therefore occur at different times and to different 
extents in various portions of *the.se crank-case castings. If this 
were the ease, it might happen tljat the changes first occurring 
would lead to a slight diminution in suoli a dimension as A, Fig.*88, 
and that the subsequent ageiitjf of the thicker purts of the casting 
should restore that, dimension by reversing any verv minute amount, 
of warping which had been produceiMiv the first changes. 

Although, as lias been mentioned above, the regular 
remeasurements of these castings at intervals of .»i few months 
had been suspended when the castings were forty months ofd, the 
castings themselves were preserved and the machined flats protected 
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as well r-s possible liy a thick coating of vaseline. In January, 1921, 
some seven and a haU . 'ears (nin< ‘7 months) after ihc production of 
the castings, some of t; cm were ajrfiin examined. It. was found that 
even in the v ],so of those which had renamed exposed on the. roof 
of the building the machined faces were apparently perfectly intact 
when the coating o'f vaseline and dirt had been carefully removed. 
In order to ascertain whether the eastings had preserved their 
dimensional stablility after this long exposure,four of them,namely, 
Nos. 1, :i, 8 and 12 were carefully remeasured in the Metrology 
Department of the Laboratory. Of the twelve reineasuremcrits 
thus made, one only, representing dimension A of casting No. 8, 
gave an abnormal result, showing an apparent increase of 
O'0071 inch. The, two other dimensions, measured on the, same 
casting, showed nothing unusual, and it therefore seems probable 
that this particular measurement has been accidentally affected by 
some damage to the ousting, although there is no visible evidence 
to that effect. With the, exception of this abnormal measurement, 
the results of these remeasurements are'shown—on a broken line— 
at the edge of the graphs, in Figs. 89 and 90. It will be seen that 
these show no greater departure from the. horizontal straight line 
than is to be found in earlier parts of the saffio graphs, while in some 
cases the final departure from the original dimension is remarktrbly, 
small and well within the errors of measurement. These results, 
therefore, as a whole, strongly confirm the conclusion that eastings 
of these alloys, whether pure or contaminated with the elements 
named, possess very great dimensional stability and that nothing 
in the. nature of distortion—iftid much less disintegration—need 
be feared. 


IV(c). Fracture inulcr Prolonged Loading (" Season Chicking ’’). 

• *. 

Some of the alloys described in thj present Report., notably alloy 

“ A” (3/20), and to a lesser extent, allov “ E” and its modifications 
“ F ” and “ G,” have been found to be liable, in cert,aiif circumstances, 
to a mode of fracture very similar to that which is well known in 
the case of brass under the somewhat misleading name of “ season 
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cracking.” failures ol this type were first noticed in the can- of alloy 
“A,” where sheets of t.liis material had been kept for a considerable 

time closely coiled, tin' coils ifing restrained by wire. Similar 
* ‘ * *1 
forms of fracture were alsp observed in certain spinpings to which 

reference has already been made (see,Section Til («), page 80). These 
occurrences led tlie Authors to undertake a' somewhat general 
investigation into the nature, of such failures, which occur in metals 
when apparently exposed to stresses considerably lower than those 
at which they would break if tested in the ordinary way, and 
only after the lapse of a more or less considerable period of time. 
The first results of this investigation were communicated by 
two of the Authors in a Paper to the Royal Society.* This 
Paper shows that such widely different metals as brass, lead, and 
some aluminium alloys are capable, of undergoing the same type of 
fracture in analogous circumstances. This fracture is characterized 
by the fact that it occurs by the pulling away of the crystals of the 
metal from one another, with as nearly as possible a total avoidance 
of any fracturing of the, crystals themselves. Somewhat siimlar 
types of fracture have also been observed in mild steel, as indicated 
in the Paper just cited and in another Paper, also by two of the present 
Authors, on “ Inter-crystalline Fracture in Mild Steel,” communicated 
t to the Iron and Steel Institute.f 

In the first of the Papers just mentioned, a theoretical explanation 
of the phenomena of failure under prolonged stress by inter-crystalline 
fracture has been attempted. Although much discussion lias been 
devoted to an effost to disprove this theory, the Authors feel that 
it still offers the only explanation yet put forward to account for 
these remarkable phenomena.^ It does not, however, appear 
desirable to enter into the theoretical aspects of the whole subject 
here, since the present Report is main'y concerned with the conditions 

i 

4 , 

* “ The Intor-@rystalline Fracture of Metals under Prolonged Application 
of Stress.” Rosenliain and Archbutt. Proc. Roy. Soc. A., Vol. 96, 1919. 

• \ Rosenliain and Hanson. “ IntcnCrystalline Fracture of Mild Steel.” 
Journ. Ijron and Steel Institute, 1920, No. II, Vol. cii. 

+ * General Discussion on the Failure of Metals under Prolonged Stress.” 
Faraday Society and this Institute, 1921. 
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in which various alloys may lie liable to uftdergo failure of this 
kind, and the metho' by which the occurrence of such failures 
can be more or less completely prt tinted. 


Allot/ “ A ” (3/20). 

Tn one of the Papers referred to above,* two of the present 
Aijthors have pointed out that the liability to inter-crystalline 
fracture under the prolonged application of stress is associated in 
the case of alloy •• A ” with a particular type of miorostructurc. This 
conclusion has since been very fully confirmed. A very large number 
of samples of the alloy have been subjected to various kinds of heat 
and mechanical treatment, and have, then been tested for liability 
to fracture of this type by means of a comparatively rough but simple 
and effective test. The test in question, which is applicable only to 
metals in the form of comparatively thin sheet, consists in bending 
a strip in the form of the letter U, the radius of the bend 
being about 1| inch. The test-piece is gently bent into this form, 
and tin two ends are then held in position by means of a clip. In 
this way the metal in the bent portion of the strip is kept under a 
bending stress, the amount of which depend*, among other things, 
upon the. radius of curvature, and the actual pull exerted by flic 
wire clip upon the ends, flare must, of course, be taken not to 
overbend the test-piece when preparing it, the necessary precaution 
being that the two ends of the test-piece shall, never be brought 
appreciably nearer together than the position in which they are 
finally clamped. The actual strftis developed in the test-pieces in 
the outer layers of the bent portion, js not very readily calculable. 
The reason is t.hat # in these bent test-pieces,^[jjastic deformation 
of the metal has taken place, (fhd consequently rf.he elastic limit 
(of restitution) has been raised considerably above that existing 
in the. unstrained metal. It is obvious, however, that the stress 
existing in the bent test piece can nowhere exceed the elastic limit 

* “ The Inter-Crystalline Fracture of Metals under Prolonged Application 
of Stress." Hosenhain and Archbutt. Proc. Roy. Soc. A., Vol. 90,1919. 
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of the material in the'particular condition in which it exists at that 
time, hut it is'important to note that thisjdastuf limit can never 
very closely approae.fi the ultimate strength of the metal, unless 
the bond has been made so sharp that any even slight, additional 
bending would lead to the immediate fracture of the jVe.e. It, is only 
when the ductility of a metal has been completely exhausted by 
overstrain, that the elastic limit is raised to the vicinity of the 
breaking stress. This consideration is important, in view of the 
suggestion which has been put forward elsewhere* that the faildre 
of brass, particularly under internal stresses existing in spun or 
drawn material, may really be due to the fact that the internal 
stresses are equal, or very nearly equal, to the normal ultimate 
strength. 

In view of the fact just pointed out, the bend test described 
above must be regarded as being of a very severe nature. Careful 
experiment has shown that fracture of the kind now under discussion 
does not occur in a bent strip if the amount of bending has been 
sufficiently small to allow the strip to resume its original straightness 
after the removal of stress. This shows that fracture under prolonged 
loading will not occur in this alloy unless the applied stress 
considerably exceeds tfie primitive elastic limit. When material is 
usfld in practical construction, care is, or should be, taken to exclude 
the occurrence of working stresses too closely approaching the elastic 
limit, while stresses exceeding the elastic limit are not ordinarily 
regarded as admissible. It would seem, therefore, that under all 
normal service conditions, the material could not be exposed to 
prolonged loading with intensity f sufficient te produce fracture of 
this kind. Stresses which are at once very intense and are continuous 
in^their application, only arise where these arc produced in the 
material by severe'c:6ld working. Where material is severely locally 
strained ‘by such operations as cold stamping, sharp bending, 
punching or shearing, or similar operations, conducted in such a 
manner as to leave it severely internally stressed, failure in the 
•cqurse of titpe may result if the material is used in the special 

_ i ___ 

* Hatfield and Thirkell. Journ. Inat. of Metals, 1919, No. II, 




ALLOYS HE8EAHCH. 


179 


co.idit.ion wL>h, as "rill be seen below, is Accessary Jo render it 
sensitive in tbit, direction. 

The indications oi the bend to > which has now been studied for 
several years, are very fully borne out by the behaviour of the alloys 
in practical uifb. The behaviour of spmnings, stampings and of 
actual riveted jjin'rrs constructed out of channels and stampings 
of alloy -‘A” (3/20) entirely hoars out the indications of the bond test.. 
It is found that material which would stand this test for a period 
of*several days, never undergoes failure under ordinary practical 
conditions, at all events within a period of some two or three years 

In the ease of alloy “ A ” (3/20), indications of the bend test show 
in the first place, that the alloy as produced in the ordinary way b : 
hot rolling, is entirely free from risk of inter-crystalline fracture 
under prolonged loading. This is true, at all events, of material which 
has been produced in the manner adopted in more recent practice, 
where temperatures for rolling and intermediate heating have been 
intentionally kept somewhat lower than was originally done. Even 
if a lolling temperature as high as 450° C. has been used, however, 
the bend test shows definitely that, provided a subsequent reduction 
by rolling of not less than 50 percent of the cross-sectional area has 
been applied, the material is still entirely # safe. With so high a 
rolling temperature as 450° C., and the use of smaller amount^ of 
reduction by hot working, the material is found to be liable to fail 
under the bend test if exposed to it for a considerable time. More 
interesting indications are obtained when the bend test is applied 
to material which, after final rolling, has been Snnealed at various 
temperatures. With.an annealing period of one hour, it is found 
that material annealed at temperatures from 400° 0. to 450° C. 
undergoes failure by the bend test iit about, one luAir. If annealed 
at somewhat lowe/temperature^ (350° to 400*° £’.) it is found tllat. 
failure under the bend test will occur in a somewhat longer time 
varying from one to four or five hours. With still lovfej temperatures 
(300° to 350° 0.), considerably longea exposure to ths bend test 
is required to bring about failure ;.in some cases periods as long as. 
twelve hours are required. With material which has been annealed 
between 250° and 300° C., bend tests have in some cases shSwn 
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completely ffatisfa'ctoity resistance tfver a period of several years; 
in other eases, ‘however, fracture has occurred after a few weeks’ 
or several months’ exposure. <|>n the other hand, material which 
has been annealed at a temperature not exceeding 250° ('."is found 
to withstand the bend test indefinitely.* ‘ 

It has already keen indicated that the type <?f frt-cturc occurring 
in these circumstances is peculiar, in that it takes place by the 
pulling apart of the crystals and not by the fracture of the crystals . 
themselves,thus producing what is known as a typical inter-crystalline 
fracture. It is not surprising, therefore, to find that the liability 
to undergo failure of this kind varies with the nature of the crystal 
boundaries in the particular specimen of metal under test. 
Microscopic observation at once shows that rapid failure occurring 
in an hour or so under the bend test is associated with a completely 
equi-axed microstrueture accompanied by very smooth regular 
crystal boundaries. Such a structure, together with a typical crack, 
and clearly showing the inter-crystalline nature of the fracture, 
isshown in Fig. 92, Plate K>, under a magnification of 150 diameters. 
The structure there illustrated is typical of alloy “ A ” (3/20), which 
has been annealed at 450° C. It is interesting to remember in this 
connexion that annealyig at 450° C. does not produce a satisfactory 
softening of this alloy, which can be obtained in a much softer 
condition by annealing at low temperatures such as 200° C. or 
250° (J. Indeed, material which has been rendered very soft and 
ductile by the latter low temperature annealing is again rendered 
harder and less ductile by heating to 450° C., whether followed by 
rapid or slow cooling. • 

* Since the abpve was written, t Paper by Moore, Beckinaale and Mallinson 
—Journ, Inst, of Metals, 1921, No. I—has drawn the authors attention to the 
part which chemical action on the ihter-crystalline material may play in 
connexion "with “ Season Craoking." They accordingly tested tho behaviour of 
Alloy “ A ” (3/2Q) "under the bend-test when entirely protected tom chemica^ 
action by being placed either in « good vacuum or in an atmosphere of pure 
hydrogen. In both cases, fracture was considerably retarded but never 
edtnpletely pr^euted. An account of these experiments has been given by 
W. Bdscnhain in his introductory address to the General Discussion on 
“ Season Cracking” already mentioned. 
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Tltc use of h/wer -Mealing temperatures than 450° G. does not 
result iu so rapid ot so oomph ♦ a production of a completely 
tvjui-arwl •,structure. The safe annealing temperatures below 
250’ C., in fact, do not produ c» any serious amount of oqui-axing 
even in severa 1 The material annealed at flicse temperatures, 

although rendered very soft and ductile, retains an elongated 
mierostructure. This is a remarkable instance of a phenomenon 
observed in other materials, where it is frequently found that 
mechanical softening precedes the formation of a new equi-axed 
mierostructure. In most materials, however, this stage in which the 
metal is soft without being equi-axed is transitory. In the case of 
the alloy "A (3/20), on the other hand, it can be retained permanently, 
and in fact leaves the material in the best and soundest condition. 
The typical mierostructure of the alloy “A” after annealing at 
250'’ 0., and therefore in a condition in which it will not undergo 
inter-crystalline fracture under prolonged loading, is illustrated in 
Fig. 03, Plate 15, under a magnification # of 150 diameters. 

In view of the results obtained from the systematic employment 
of the. bend test which has been described above, the Authors regard 
material which has been heated or anr.ealijd at any temperature 
above ?50 J C. as being in an “ over-annealed ” condition. It is o*ly ( 
in this ever-annealed condition, and if left without further treatment, 
that the alloy is liable to undergo intercrystallinc fracture as tho 
result of prolonged and severe loading. The next step in the 
Authors’ investigation of this subjeet consisted in an endeavour 
to ascertain by what means, if g,ny, over-annealed material could 
be restored to a safe condition from the present point of view. The 
treatments first tried were purely thermal, consisting iu re-heating 
the over-annealed* alloy to various lower tefhjTbratures, followed 
either by slow cooling or by quenching. The results obtained wore 
entirely negative. Material which has once beefl tovcr-anuealed 
cannot be restored to a safe condition by any subsequent heat 
treatment at lower or at higher temperatures. The application ■ 
mechanical work on the other hand proved to have a very powerful 
influence on the phenomena. 

The application of cold work to material ovpr-ani^caled by 
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heating to 450°'0. was found considerably to modify the behaviour 
under the bend test. . Various amounts of reduction by cold-rolling 
were tried, and it was found that increasing distortion of efjtii-axed 
crystals in the over-annealed alloy* tended materially to retard the 
rate of failure urfder the bend test. The rijsulln indicate that 
material which has not been excessively over-annealed could 
probably be rendered completely safe by a relatively small amount . 
of cold working. On the other hand, seriously over-annealed 
material cannot be prevented from ultimately failing under the 
bend test bv cold working alone. It must be remembered, however, 
that from the point of view of other physical properties of the 
material, the application of cold work to the alloy “ A” is in itself 
undesirable. The effect of hot-rolling upon previously over-annealed 
material was next investigated. The results of a long series of 
experiments can be summarized in the statement that material 
which has been over-annealed at 450° C. can be rendered completely 
immune from failure undpr the bend test, by hot rolling it to a 
sufficient extent. A total reduction of not less than 50 per cent of 
the cross-sectional area of the material if not too rapidly applied, is 
found to be sufficient ,for this purpose. Microscopic examination 
slmws that this mechanical treatment completely changes the 
original equi-axed crystals having smooth boundaries, and replaces 
them by elongated grains whose boundaries are much more irregular 
in character. 

In general ternjs, the outcome of the investigation briefly outlined 
above, on the behaviour of alloy “A," (3/20) under the bend test, after 
various forms of thermal and mechanical treatment, may bo 
summarized as indicating that,’provided the temperatures employed 
and the amount of ificclianical reduction applfbci are satisfactorily 
and carclfclly regulated, the alloy can be produced in a condition 
in which it is free from all risk of undergoing inter-crystalhne fracturo 
as the result of prolonged exposure to severe loading. 

• > As throwing a considerable amount of further light upon the 
naturt of the process by which inter-crystalline fracture occurs in 
this alloy, a series of tests may be quoted in which fracture of this 
type has^Jjoen produced by direct tensile loading in an ordinary 
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testing-Inachmei The results of two series of tests«are tabulated in 
Table 52 relating «»• materia! jf similar composition but in 
different states as regarIs annealin^ard mechanical treatment. 

It will Lee.gecn that in both series* of tests there is a very 
considerable tiyiu effect. Material which requires in one instance 
25 • 4 ton's per square inch to produce fracture in 6 minutes, undergoes 
fracture in 50 minutes under a load of only 21 tons per square inch. 

TABLK 52. 


Tensile stross 
per square inch. 

Time taken to 
produco rupture. 

Tons. 

Mins. 

Series 1. 

16 

a 

14 

31 

13 

• 56 

Sorics 11. 

21 

.50-0 

22 

65-0 

23 

27-0 

21 

28'5 

• 

25 

13-0, 

* 25'4 • 

6-0 


• • 

The existeneo»of the time effect shown ii*ti»e above Tableland 
the manner in which the time increases rapidly tulth decease of the 
applied lqpd, suggests that the phenomenon is on* of viscous flow, 
differing entirely in character from*the so-called “ flow ” which 
occurs during the ordinary plastip deformation of a piece of metal 
under tensile overstrain. The occurrence of such a tune effect, and 
its strong suggestion of viscous flow, is in close agreement wiflh the 
theoretical explanation of the phenomena of inter-crystalline fracture 
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under prolonged,, stress which has been put forward by two of the 
Authors in the Paper already referred to. < 

If the view is correct that fee occurrence of intcr-cr^stalline 
fracture of the kind here under discussion depends largely upon the 
physical properties of an inter-crystalline cement (mainly its viscosity) 
and upon the shape and arrangement of inter-crystalline boundaries, 
it would naturally be anticipated that variations in composition 
would materially affect the behaviour of a given alloy. It was 
thought that certain additions to the alloy “A,” for instance, might 
materially alter the hardness and viscosity of the inter-crystalline 
cement, or affect the manner in which rearrangement of crystal 
boundaries would occur. The influence of various additions to 
the alloy was, therefore, investigated, the additions employed being 
(1) silicon, (2) nickel and (3) manganese. 

Additions of silicon up to 1 ])or cent were tried, but. were found 
to bo substantially without effect upon the behaviour of the alloy 
under the bend test. Examination of the microstructure also showed 
that the additional silicon 'did not materially affect the behaviour 
of the alloy during annealing. The addition of nickel, on the other 
hand, was found to produce a marked but not a very large, effect. 
Material containing l per cent of nickel in addition to the 3 per 
cent*of copper and 20 per cent of zinc, normally present in the alloy, 
was found still to undergo cracking under the bend test if annealing 
had been carried out at 450° C. It was found, however, that instead 
of producing fructose in about one hour, the bend test required a 
period of several hours before fracture occurred. This marked 
retardation suggests that in the presence of | per cent of nickel, a 
somewhat higher annealing temperature than 250° (J. could be 
used* with safety, qj, .what is really more important, the limit pf 
260 <> (J. for Jhc safety of the, material need not be so strictly observed. 

In order further to test the influence of nickel on alloys oj this type, 
a material was prepared in whjf.h the whole of the copper ordinarily 
contained in alloy “A" was replaced by nickel, thus giving an alloy, 
confainjng 20 'per cent of zinc, 3 per cent of nickel, remainder 
aluminium.. Ordinary tensile tests on this material give results 
distinctly lower than (hose obtained from the alloy “ A,", and its 
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behaeiohr uiui"!* tlio bend tost was found to bo. nojietter than that 
of the alloy of normal" Jm position Jr, is possible that, the combination 
of higher •nickel and'copper extents together might produce 
improved nvidts, but at the tjine when these exjieriments were 
carried out the Authors had not yet discovered the fact that 
the addition of nickel to an alloy already somewhat hard, eould 
be made without further increasing its hardness. These higher 
compositions, therefore, have, not, been tested. 

A much more marked effect was produced by the addition of 
| per cent of manganese to the alloy “ A.” Unfortunately, the 
addition of | per cent of manganese makes ttie production of the 
alloy by forging and rolling distinctly more difficult than that of 
the normal material. These difficulties can, however, be overcome 
by suitable careful treatment. The effect of manganese upon the 
behaviour ol the alloy during annealing, and under the bend tests 
is very marked indeed. It has been found that in the presence of 
J- per cent of manganese, several hours’ exposure to a temperature 
of 450° C. does not result in complete eqm-axing. The mierostrueture 
of rolled sheet of this alloy annealed for G hours at 450° C. is shown 
in Fig. b4, Plate 15, under a magnification of 150 diameters. It was 
anticipated from this observation, that alloy “A” containing l per cent 
of manganese would withstand the bend test indefinitely, even after* 
annealing for one hour at 450° C. Actual experiments verified this 
anticipation to a very considerable extent. A number of bend test- 
pieces treated in the ordinary manner as described above, were 
found intact after tyo years’ exposure. In order lo carry the matter 
further, and to render the test still more severe, these bend test- 
pieces, which had successfully witllstood the ordinary tests for so 
long a time, were*furt,hcr stressed by pressing tie ends more tightly 
together. In one instance only such a bend test-jiece, after 
restressinjjin this manner, broke in the course of » few hours. This 
intensification of the test after such wry prolonged exposure, makes 
it unduly Revere in comparison with the test ordinarily applied to 
alloy “A” and to other materials, but it serves to show tjiat the 
possibility of undergoing fracture bv inter-crystalline crocking 
resulting from prolonged exposure to severe stresses, has not been 
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entirely eliminated in material annealed at 450° C!.>by the presence 
of a small amount of manganese, although obviously the power 
of the material to resist failure Id this type has been enormously 
increased. There can be ho doubt, however, that material which 
has been loss sevejely over-annealed than that referred to in the 
experiments just described, will be entirely immune from failure 
of this type if it contains 4 per cent of manganese. 

The influence of manganese in retarding the annealing, or rather 
tire recrystallization, of alloy “A” is of somewhat general metallurgical 
interest. It has been shown that the. addition of a small amount of 
manganese to certain copper alloys produces a similar effect in 
retarding the rate of crystal growth (*). The theoretical explanation 
of this influence of manganese, however, need not be considered' 
here. 

In connexion with the very marked influence of manganese 
on the phenomena of inter-crystalline fracture, it occurred to the 
Authors that there was a possibility that the real effect of over¬ 
annealing might reside in some chemical action of the surrounding 
atmosphere upon the inter-crystalline cement in the alloy during 
annealing, and that this action might be eliminated or modified by the 
presence of manganese. In order to test this point, a series of samples 
of alloy “A” (not containing manganese) were annealed in special 
atmospheres, consisting of hydrogen and nitrogen respectively, thus 
avoiding all possibility of atmospheric oxidation. The material 
used for these experiments was rolled sheet giving in its original 
finished condition satisfactory resistance under the bend test. 
Samples of such sheet were then annealed for one hour at 460° C. 
in precisely the Isame manner is those which had previously been 
annealed in air, as» described aborjp It was fifiind that samples 
annealed ip these* special atmospheres failed in precisely the same 
manner as if tljty had been annealed in air, the annealing in both 
cases having produced complete equi-axing of the microstructure. 
This experiment conclusively disposes of the possibility that inter- 

• 

* Bosenhain and Hanson. “The Properties of Some Copper Alloys." 
Jourc. Inst, of Metals. 1919, No. 1, Vol. xxi. 



ALJOYS HE8BA11CH. 


187 


crystalline oxidation, during annealing plays ajjy part in the 
phenomena discussjdfin the pr< %it Bcction. 

3 

Alloy E ” and its Modifications. 

• 

These alloys, being very similar in constitution and composition 
to alloy “A,” containing very similar amounts of zinc and copper, 
But with additions of manganese and magnesium, were naturally 
suspected of being capable of undergoing the same type of failure 
under prolonged stress as the, alloy “ A.’’ It was hoped, however, 
that the presence of manganese would, as in the case of alloy “A” 
itself, substantially retard or even entirely prevent the occurrence 
of failure of this type, in the case of these alloys, which for purposes 
of hardening have to be heated and quenched after their final 
mechanical treatment, the question of the safe maximum temperature 
which can be employed is one of particular importance. 

In applying the bend test in the same form as that which had 
previously been adopted for alloy *• A,” to alloy “ G,” and its 
modifications “ K” and “ F,” it must be borne in mind that the very 
much higher primitive elastic limit of these alloys renders the bend 
test correspondingly more severe, because it. allows of the retention 
in tlm material of much higher unit stresses than those which can 
be produced in alloy “A.” None the less, it has been found that 
failure under the bend test in the case of alloys ‘‘ E,” “F” and 
“ G,” occurs very much less readily than in th?; case of alloy “ A ” 

Since it has bees found that a temperature of 100° C. is sufficient, 
by means of quenching and ageing, to develop the best physical 
properties in the material so fat as ordinary* tensile tests are 
concerned, the Effect of higher ti./ipcratuKs»for heat treatment 
has not been further investigated When quenched fijpin 400° C., 
the behaaiour of these alloys varies according to, the intensity of 
stress to which they are exposed. Wnder the bend test as applied 
at the National Physical Laboratory, a number of § samples 6f the 
alloys thus treated have failed after mere or 'ess extended exposure, 
giving in some eases a typical inter-crystalline fracture such as that 
found in alloy “ A,” and in other cases failing by a process of splitting 
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wliif.il sugg- „ ... .vhat. different mode, of rupture, depending 

upon a certain degree of lamination in tire material. Similarly 
treated material which has becih tested by the bend test, at the 
Royal Airship Works, Cardington, has in no instanea,failed. Apart 
from possible small differences in the severity of the bend test 
employed, it appears probable that the exact method of manufacture, 
and particularly the amount of reduction applied during the last 
stages of hot-rolling, affect these results. If, however, the temperature 
for quenching is reduced to 375'’ (J. or still more certainly if it is 
reduced to 350° the failure of these alloys under the bend test, 
even in its most severe form, is eliminated and the material rendered 
completely immune from inter-crystalline fracture of the type under 
consideration. 

The indication of the bend test in these alloys has been very 
fully borne out by the behaviour of the same materials when 
employed for construction. At the Royal Airship Works at 
Cardington, complete airship girders have been constructed of 
alloy “ E,” and neither in the stampings nor around the rivets of these 
girders have there been any signs of cracking, even in samples more 
than a year old. This statement applies even to material which has 
been quenched from 4$)° C., thus indicating that the bend test, 
*as employed at the National Physical Laboratory, imposes conditions 
of much greater severity than those likely to be met with in practical 
construction. 

The satisfactory behaviour of alloys “• G,’ “ E ’ and “ F," when 
treated at or beloto 350° C. under the bend tyst and in practice, 
serves to confirm the view expressed above as to the value of 
an addition of tmanganese irk preventing failure of the typo 
undflr discussion, ^^examination of the microstructure of these 
alloys in the conefition which they acquire after heat treatment, 
further confirms,this view. This microstrueturc is illustrated in 
Fig. 95,.Plate 15, under a magnification of 150 diameters. . It will 
be seen that in spite of having been heated for 30 minutes at 
400 1 ' C, the material is by no means equi-axed, a result which is 
undoubtedly due to the retarding influence of manganese on 
reervstallizatioii. 
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Alloy “ Y.” 

A very large nu;;,ber of toslj-picces of this alloy have been 
subjected to the bond test, but in no instance has cracking occurred. 

far as the Investigations o! the Authors have yet gone, this 
alloy appears tb dip entirely immune from cracking under the effect 
of prolonged loading. The behaviour of the material in actual 
construction fully bears out this result. A similar series of tests 
made with alloys of the “ D ” type (resembling Duralumin) have also 
given similar negative results under the bend test. In the case of 
these latter alloys, however, certain observations made on actual 
airship structures suggest that occasional instances of cracking 
after considerable time have occurred. The exact causes and nature 
of these cases have, however, not yet been thoroughly investigated 
by the Authors. 

IV(fZ). Corrosion. 

A knowledge of the corrodibility hf aluminium alloys under 
various conditions is undoubtedly of the greatest possible importance. 
The Authors, however, wish to emphasize the view that the 
corrodibility of material should be carefully studied in regard to 
the particular condition in which it is to be used, or, conversely,^ 
that the use of any particular m&terial should be regulated in such a 
manner as to avoid the conditions under which it may be particularly 
liable to corrosion. The extreme view sometimes adopted, that 
an alloy liable to severe corrosion under a particular condition 
should not be used at all, is, in’thc Authors’ opinion, unjustifiable, 
since it would lead to the genera^ abandonment of alloys which 
in certain conditjpns are capable of rendering^hjost valuable sefvice. 

In the earlier stages of tlib research described in the present 
Report, the systematic study of the corrodibi(jty of alloys was 
regarded *as an important part of the work. In *the latfr stages 
under war conditions, when it had been recognized that there 
could be little or no doubt* as to the relative corrodib*ility 
of the various types of alloys, the further detailed study of coirosion 
was abandoned temporarily in favour of the search for information 
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more immediately repaired. In the final stages of the work, the 
study of corrosion has not been resumed in detail in view of the 
fact that a special Committee fof the investigation of the corrosion 
of aluminium alloys had been set up by the Department of Scientific 
and Industrial Research, and tha'„ later its functions had been 
transferred to a sub-committee of the Corrosion Research Committee 
of the Institute of Metals. The fact that by this organisation the 
research on the corrosion of aluminium alloys has been placed in 
particularly competent and experienced hands, and that, moreover, 
one of the present Authors is a member of the sub-Committee in 
question, has led them to discontinue further detailed work on 
corrosion. Tn the present Report, therefore, some of the data 
obtained in the earlier stages of the research are reproduced, together 
with general conclusions as to the relative corrodibility of the 
various alloys described, which have been derived from the Authors’ 
observation and experience both in their own handling of the 
alloys and in various experiments, and from the observations and 
experience obtained with, them in actual use, particularly at 
the Royal Airship Works, Cardington. 

Even before the discussion on the Tenth Report to the Alloys 
Research Committee, it had been recognized that the methods 
^formerly adopted, of estimating the corrodibility of any metal by 
measurement of the loss of weight after prolonged exposure to 
corrosive conditions, such as immersion in sea-water or in tap-water, 
led to unsatisfactory results. It was realized that local attack, 
such as pitting, might practically destroy a piece of metal while 
the total loss of weight remained ( very small: In view of this 
consideration, it was at that time decided to adopt an entirely 
diffident method of studying corrosion. This consisted in the 
preparation of a sefles* of tensile test-pieces, machined and finished 
ready for testing, and their exposure to the corrosive conditions 
to be studied. From time to time, at successive stages ofRexposure, 
individual members of thes(?‘ series of test-pieces are removed 
anAtested in the tensile testing-maehine. Provided that a reasonably 
uniforni material is available, such tensile tests should show, in the 
absence of corrosion, very little or no change in the results. The 
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occurrence o' even small amounts of pitting, homever, would 
immediately reduce 1 itli the ultimate strength add the elongation 
of the material very a pprcciablj Tin this way it was hoped to show 
the rclittr'e resistance to pitting or local action in various alloys. 

In accordance with th.s* scheme, _ a series of test-pieces 
representing lam alloys of the aluminium-zin's system, and one 
ternary alloy of aluminium, copper and zinc, in the form of hot-rolled 
rods, were prepared. The material used was annealed rolled rod, 
| inch diameter, which was cut into 6 inch lengths. The middle 


TABLE 53. 


Alloy No. 

Composition by analysis. 

7m. 

Cu. 

D 09 B . 

Per cent. 

9-25 

Per cent. 

I) 12 . 

13-24 

- 

I) 15 B . 

15-05 


D 20 B . 

20-15 , 

- 

B 25 BB 

24-50 


H 4 A . 

20-06 

2-95 


portion of each piece was then turned down, over a length of 
3 inches to a diamrter of O'3511 inch, the turned portion being kept 
concentric with the unmachined ends. The preliminary tests having 
shown that the material in question was sufficiently uniform, the 
test-pieces were* loosely mounted in a te&k“ frame and totally 
immersed in the sea at Portsmouth Dockyard at the and of May 
1912. This frame, ready for immersion in the seh^is shown in the 
photograph,Fig. 96, Plate 15. The frffine contains six different alloys, 
eight test-pieces of each being .provided. The compositions, by 
analysis, of the six sets of bars contained in this frame arS shown 
in Table 53. 
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Specimens for re-tfating wore removed at the end of 94, 206, 
314, and 448 days. The results of these* tests are shown in 
Table 51, which refers to the binary alloys of aluminium and 
zinc only. 

Inspection of this Table shows tiie remarkable result that there 
has, on the whole 1 , been no appreciable deterioration in tensile 
strength of these test-pieces by corrosion, even after 448 days in 
the sea. The very slight diminution in the elongation figures is to 
be ascribed to the fact that the elongation on the unexposed test- 
pieces was measured on too short a length (1 inch gauge length), 
while those on the re-tested pieces were measured on 2 inches. It 
is interesting to note that in several naNcs there is at first a slight 
increase in the ultimate strength of the alloys. In the light of the 
subsequent study of the ageing properties of these materials, it is 
not surprising t.o find that such an improvement has occurred. 
In the absence of exposure to the sea it is probable that this 
improvement would have been possibly somewhat more marked, 
but the difference appears ,to be due rather to the relatively low 
temperature at which the materials were kept by immersion in the 
sea, than to any corrosive action. This view is fully borne out by 
an examination of the .actual test-pieces after exposure. On the 
parallel machined portions of these test-pieces there is not the 
slightest sign of corrosion having occurred, the surfaces being as 
bright and smooth as when originally immersed. It is an interesting 
and important fact, however, that the thicker ends which had not 
been machined, and which were partly in contact with the teak 
wood of the frame, were appreciably corroded. ‘It is this very wide 
difference in behaviour according to the exact character of the 
surface, and the‘manner of exposure, that probably accounts for 
the fact that the 1 re‘markably go«l behaviour of these binary 
aluminiumczinc alloys in the series of tests just described, has not 
been entirely esrffirmed by the work of other investigators using 
different? conditions of exposufe. 

Jhe degree pf protection against corrosion when totally immersed 
in sea #ater, which seems to have been afforded to the binary alloy* 
of aluminium and zinc by the preparation of a bright maohined 



ALIOYS RESEARCH. 


193 


TABLE 54. 


Alloy No. * 

I 

* D 09 B 

9 per cent Zn. 

Diameter 
Yield stress 1 
(Tons per sq. in.) jj 
Ultimate stresH.l 
(Tonspersq.in.)J 

1 Elongation per i 
i cent on 2 in. / 

D 12 

12 per cent Zn. 

Diameter 
Yield stress 1 
j (Tonspersq.in.)t 
Ultimate stress. | 
(Tons per sq. in.) f 
Elongation per \ 
oent on 2 in. j 

D 15 B 

15 per cent Zn. J 

1 

Diameter 
Yield stress 1 
(Tonspersq.in.)jj 
Ultimate stress, i, 
(Tons per sq. in.)/ 
Elongation per i 
cent on 2 in. / 

D 20 B 

20 per cent Zn. 

Diameter 
Yield stress 1 
(Tons per sq. in.) j 
Ultimate stress.) 
(Tons per sq. in.)) 
Elongation per 1 
cent on 2 in. ) 

P25BB # 

25 per cent Zn. 1 

Diameter 
Yield stress 1 
(Tons per sq. in.)) 
Ultimate stress.) 
(Tons per sq. in.)/ 
Elongation per \ 
cent on 2 in. j 


Immersed in sea. 
(Days.) 

Before -— 


immeision. I 



94. 

206. ' 314. 

448. 

0-350 


No change. 


4-30 

4-85 

4-40 5-65 

3-70 

9-10 

9-75 

11-00'13-60 

9-20 

43-0* 

29-0* 

29-0 1 9-0t 

30-0 

0*350 


No change. 


4-65 

5-40 

5-30 6-65 

6-25 

11-10 

12-40 

12-90 12-90 

12-80 

30-0* 

27-5 

30-0 31-0 

27-5 

0-356 


No change. 


7-70 

9-00 

11-25 12-10 

12-00 

15-25 

17-35 

18-05 17-75 

17-75 

30-0* 

19-0 

21-0 21-0 

17*5 

0-356 


No change. 


15-25 

16 25 

11-60 16-50 

15-05 

20-50 

21-15 

*20-40 20-60 

20-10 

23-0* 14-0 

170 15-0 

15-2 



• 


0-35G 


No change. 


16-70 

17-25 

16-40;17-30 

17-85 

20-4Q 

18-90 

18-85 118-80 

rl8-75 

Jl-0* 

17-5 

15-0 !16-0 

19-0t 


* Elongation measured on 1 inch, remainder on 2 inches, 
t Fracture oocurred at gauge mark. 
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surface, does nqt appear to be effective in the case of the ternary 
alloys of aluminium with zinc and copper. A series of test-pieces 
similar to those described abovp were prepared of a number of 
these ternary alloys, and these also were immersed in the sea. At 
the end of the first period of exposure, however, it was found that 
these test-pieces had corroded so badly that they could be broken 
with the fingers, and no tensile tests on them could be carried out. 
This experiment at once demonstrated the fact, which has since 
been very fully corroborated, that the ternary alloys of aluminium 
with copper and zinc are very readily corroded by exposure to sea 
water, and there is evidence to show that increase both of copper 
and of zinc content tends to raise the degree of corrodibility. On 
the other hand, it must be clearly understood that this extensive 
corrodibility arises only when the alloys are directly exposed to sea 
water, and in a lesser degree when they are immersed in tap water 
or other less active solutions. When merely exposed to the air, and 
particularly when not exposed directly to the weather, they preserve 
a bright polished surface almost indefinitely. The Authors have 
used various utensils, such as rulers, paper weights, lamp stands, etc., 
made of alloy “A” and of various othertemary copper-zinc-aluminium 
alloys, for a considerable number of years in their offices. These 
<• show not the slightest sign of deterioration in spite of the fact 
that they are daily handled and are only very rarely cleaned or 
polished. The relative corrodibility of these alloys when exposed 
to water, therefore,' must not be taken as a measure of their power 

of resisting oxidation or tarnish in the air. In view of the 

. <* 

very great progress < which has been made' in the preparation of 
varnishes and otter protective coatings for light alloys, this degree of 
perfnanence of t^esp otherwise very valuable materials when 
protected from the direct action of oorrosive solutions, is a matter 
of very consideipble importance. Where these materials are not 
exposed directly to oontact jvith wateT, but merely to damp air 
or to occasional spray, covering b^ a good protective coating could, 
it is believed, *be relied upon to preserve them indefinitely. 

R>r the reasons indicated above, quantitative data in regard to 
corrosion of other alloys referred to in the present Beport, such as 
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alloys “ E” “P,” and “G,” alloy “ £” and alloys qf the “ D” type 
(resembling Duraluim.i ,arc nota jj'able. On the other hand, a large 
amount oi experience of the beii/iviour of these alloys has been 
obtained, and tjie Authors, pending more fully detailed investigation, 
would put forward the following provisioifal conclusions as to the 
relative powers of various alloys to resist corrosion. 

Jfl.) Alloy “ r.” —Both in the cast and in the rolled condition, this 
alloy possesses considerably better powers of resisting corrosion, even 
when exposed to sea water, than any of the other alloys described 
inthisReport. In comparison with alloys “ A,” “E,” “F”and“G” 
the difference in the powers of resisting corrosion is so great that 
quantitative data are scarcely necessary ; it is sufficient to observe 
the behaviour of the two materials for a short time under almost 
any exposure to severely corrosive conditions. Comparison with 
alloys of the “ I) ” type (resembling Duralumin), and with Duralumin 
itself, requires more careful consideration, as the difference is not 
so strongly marked; in several instances,‘'however, which have come 
under the Authors’ observation there could be no doubt as to the 
better behaviour of alloy “ Y.” In view of the fact that this alloy 
contains a considerable proportion of magnesium, this result is, 
perhaps, somewhat surprising. It must, however, be correlSted u 
with what is already known as to the constitution of this alloy, to 
the effect that particularly in the heat-treated condition, it does' 
not contain free aluminium-copper oompound (CuA1 2 ). 

, • 

(2) Alloys “A," r “E," F ’ ’-mid “G.”—These materials cannot 
be exposed to contact with sea water^or even prolonged contact with 
weaker saline solutions, such as tap water, for anyconsiderable length 
of time without undergoing very Serious corrosion^ -jiltimately leading 
to complete disintegration. Careful observation with the microscope 
has shown fhat corrosion in these alloys, and particularly in allgy “ A ” 
follows the intercrystalline boundaries, but in rolled material it 
shows a preference for boundaries running parallel to the direction 
of rolling. This gives rise to a condition of lamination or exfoliation 
whioh is peculiar to. these materials. When adequately protected 
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by a varnish or other coating, or when kept in an ordinary room 
where they are protected froip the direct'action of the weather, 
these materials retain a bright epirface for a very prolonged period. 
They do not appear to be subject to atmospheric corrosion to any. 
marked extent. 

4 | 

t 4 

(3) Other Casting Alloys .—Such alloys as “L5” (21 per cent 
copper, 12| per cent zinc) and alloys containing relatively high 
percentages of copper, such as the alloy known as “L8,” containing 
12 per cent of copper, are distinctly more corrodible than castings 
of alloy “Y.” Of alloys of this type, “L5,” containing relatively little 
copper and zinc, appears to be distinctly better than those containing 
higher proportions of either metal alone or of both metals together^!. 


Section V. 

Constitution op the Alloys. 

Introduction. 

The previous Sections of the present Report have been devoted 
to a description of the properties and behaviour of a large number 
of aluminium alloys, and in order to shorten and simplify this as 
much as possible, references to their structure and constitution 
and to the theoretical knowledge underlying and guiding the 
various steps in their treatment and production, have been very 
largely omitted, lit is not too much to say, # however, that such 
success as has been attained in the development of the various 
groups of alloyswould not have been possible without a concurrent 
study of the alloys ftom the theoretical side, ar.d the information 
and guidance wffich that study provided. The account of the 
work on the constitution and structure of the alloys has, for 
mnvenience, been concentrate in the present Section of this Report, 
but the amount of work to be covered is so large that only an outline 
:an be> given here. In some cases fuller publication, especially of 
the ihore purely theoretical aspects of the work, has been or will 
be made elsewhere, and readers particularly interested in this 
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aspect of the subject are referred t. these separate papers for fuller 
details.* ' 

The Y ork on the * onstitutioi. and structure of aluminium alloys 
covered'by the present Report deals in the first instance with the 
study of the equilibrium diagrams and models relating to the alloys 
of the ternary sys'.om, copper-zinc-aluminium, and an account of 
this work occupies the first portion of the present Section. This 
work has been carried out in continuance of the plan already adopted 
in the preparation of the Tenth Report, and its completion and 
continuance has been necessitated by the concurrent study of 
methods of producing alloys of practical importance belonging to 
this group. 

The second portion of the present Section relates to alloys of 
aluminium with iron and silicon. The study of this ternary system 
has not been carried very far, mainly because the alloys in question 
are not in themselves of any considerable importance or interest. 
It is, in fact, only the near vicinity of the aluminium corner of the 
ternary system with which we are concerned. Iron and silicon 
occui, as is well known, as inevitable impurities in all commercial 
aluminium, and the various forms assumed by these components 
are of considerable importance in the miciographic study both of 
pure aluminium and of its alloys. • 

The third portion of the present Section relates to the alloys of 
aluminium with magnesium and silicon. The study of this system 
in very considerable detail has been undertaken because- some 
preliminary experiments showed that the twft elements, silicon 
and magnesium, are fundamentally concerned in the important 
phenomena which occur when alloys in which th^r are present are 
quenched and hardened by subsequent ageing. The phenomenon 
of hardening by quenching an3 ageing in the case of aluminium 


* Hanson and Archbutt. “MicrograpLy of Aluminium and its* Alloys." 
Journ. Inst. Met., 1919, vol. xxi, page jSi. 

Hanson and Qayler. "Aluminium-Magnesium Alloys.” Joum. Inst. 
Met., 1990, vol. xxiv, and " Constitution and Age-Hardening of the Alloys of 
Aluminium with Magnesium and Silicon.” Ibid. 1921, Vol. xxvi. 
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alloy8 containing maguesium was, as is well known, first discovered 
by Wilm * and its practical application led 0 to the development of 
the well-known proprietary groyp of alloys called “ Duralumin.” 
The discoverer of the phenomenon himself, however, expressly 
disclaims being able to furnish any explanation of its real nature. 
Since this phenomenon plays so fundamental a part in the 
production of the light alloys having the highest strength and in 
many ways the most valuable properties, it became very desirable 
in the course of the present research to make an attempt to 
elucidate it more fully. The results of this study are embodied 
in the portions of the present Section which deal with the 
constitution and equilibria of the ternary system aluminium-silicon- 
magnesium, and with a detailed study of the phenomena o£- 
hardening and ageing in aluminium alloys containing these elements, 
and in some cases copper, nickel, and zinc. Although these results 
are here published for the first time in detail, they were arrived 
at some considerable time ago and have been utilised for 
confidential purposes for several years. Full publication was 
undesirable under the conditions of war existing at the time when the 
work was completed. At a somewhat later point the study of the same 
problem was taken up by the Bureau of Standards in America and 
i certain conclusions were arrived at there.f To a considerable 
extent the explanation of the hardening of Duralumin and similar 
alloys suggested by the American workers is in principle similar to 
that arrived at by the present Authors, but the American workers 
attribute the hardening effect to the compound CuAl s , whereas it 
is shown in the present work thab this compound is not able to 
produce hardening of the order, of that found in the heat treatment 
of these alloys, and tjiat the part correspondingjiomewhat to that 
played by cemcntite (Fe 3 C) in carbon steels is played in these alloys 
by the compound Mg.j3i. 

■ i ’ 

» C 

* Wilm. Metallurgie, 1911, vol. viii, page 225. 

f Merica, Wrltenberg and Freeman-. Bulletin of the Bureau of Standards, 
1919, v«l. xv. 

Merica, Waltenberg and Scott. Bulletin of the Bureau of Standards, 
1919, vol. xv. 
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V(a). The Constitution of the Alloys of AjEuminium with 
'6inc anl v ..erPER. 

The eqvljfcrium diagrams of the binary systems of which this 
ternary system is built up arc known with some considerable degree 
of accuracy in then main outlines and form the 'subject of previous 
report® to the Alloys Research Committee. Certain features of 
tljese diagrams, relating to the constitution of the alloys in the 
solid state, have, however, not been fully determined in previous 


Pig. 97. 


Cu 



Fic.. 98. 

C. 



Copper per cent 


investigations, and attempts to "olve these points have been included 
in the present work. 

The portion of the ternary system examined covers the range of 
alloys containing up to 25 peJ cent copper and 45 per cent zinc. 
Mixtures of three components can be represented by means of an 
equilateral triangle, of which each corner represents'one component. 
All possible mixtures can then be represented by points within the 
triangle. In Fig. 97 the shaded? portion ABCD represents the part 
of the ternary system which is here described. One huncfred and 
twenty alloys have been prepared and examined, and heating and 
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cooling curuis have been taken on 63 of these. In the preparation 

of these alloys, 'materials of very high purity, have been used. 

»» 

fa , 

Experimental Methods. 

The experimental methods and apparatus used are mainly those 
which have for some time been adopted for researches of this kind 
at the National Physical Laboratory. Some of these have already 
been described; others are described in connection with researches 
on the constitution of light alloys both in the present Report and in 
greater detail in papers dealing with this aspect of the work more 
fully than is desirable here. 

Constitution of the Alloys. • 

The results of the research may conveniently be described under 
two main headings :— 

1. The Completion of those portions of the binary systems 

necessary for the present research. 

2. The Constitution of the Ternary Alloys. 

Copper-Aluminium Alloys. 

The copper aluminium alloys have been studied by a number of 
workers; the generally accepted diagram rests on the work of 
Gwyer,* Carpenter and Edwards,f and of Curry,']: and may be 
regarded as practically complete at the aluminium end. The 
solubility of the compound CuAL in solid aluminium at temperatures 
below the solidus had not, however, been determined. This has 
now been ascertained with sonif. accuracy by a series of prolonged 
annulling and quenching experiments for the temperature range 
extending from tin*.freezing point of Vhe eutectic practically to room 
temperature, and the modified and completed portion of the diagram so 
obtained is given in Fig. 98 (pa^;199). Itisfound that approximately 

* Gwy St. Zeit, Anorg, Chem.', 1908, vol. lvii, page 118. 

, t Carpentor and Edwards. Proceedings, I.Mech.E., 1907. 
t Curry. Journ. Phys. Chem., 1907, vol. xi, page 426. 
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5 per cent oi copper is soluble in olid alun.inium at 540° C., and 
that this amount dec-eases to about 3 per cent, at < 20' > C. 


Zinc-Ak'minium Alloys. 

In this system, as established in the Tenth Report to the Alloys 
Research Committee, two points remained to be cleared up : (1) The 
cause of the small arrest on thermal curves at a temperature 
somewhat lower than the liquidus, and (2) the limits of existence of 
the /J phase. The first point has been settled ; the small arrest 
has been found to be due to the presence of iron, which forms 
a eutectic with aluminium. This point may therefore be ignored 
in the study of the alloys under investigation. It is, 
unfortunately, impossible to use material which contains so little 
iron that this point is not found, since it appears when the iron 
content of the aluminium is less than 0’1 per cent. 

With regard to the second point, a considerable amount of 
work has been devoted to an effort to el"ar up fully the constitution 
of t he alloys in the region allotted to the “3 ” phase in the existing 
diagram. Evidence has been obtained which shows clearly that 
under certain conditions the alloys consist of two phases in a part 
at least of the region between the horizontal lines at 443° Ce and 
256° C. The exact conditions under which this resolution into two 
phases takes place are not yet fully worked out, and publication of 
the results obtained is for that reason deferred. 

• 

The Copper-Zmc-Aluminium Alloys. 

Within the limits of composition invcstigated*in this research, 
no new ternary Bonstituents have been de^et'-ed in alloys in a 
state of thermal equilibrium; in the case of ‘cast alloys in the 
neighbourhood of the corner C, Fig. 97 (page 199), some constituents 
have been observed, probably belonging to the binary systenfs, which 
could not be identified with certainty without considerably extending 
the field of the research. Their presence in these alloys is’due to 
inequalities in composition arising from micro-segregation during 
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solidification"; when ‘the alloys are annealed so as to secure 
uniformity of composition, these constituents disappear. 

Thermal curves have been obtained from a series of alloys 
containing 5, 10, 15, 20 and 25 per cent, copper, and lor each of 
these concentrations of copper, zinc has been increased in steps of 
5 per cent, from 0 to 45 per cent. „ ' , 

On the basis of the data so obtained, it has been possible to 

Fig. 99. 

0. 10;, Zinc. 20 ; Zinc. 40/, Zinc. 



r > ( 

construct diagrams which represent sections through the ternary 
model parallel tq/ the binary plarfbs. Examples of such sections 
are shown hi Figs. 99 and 100, the former representing sections parallel 
to the copper-sfluminium plane, and the latter sections parallel to 
that of zinc-aluminium. Fig. 99 and other diagrams of sections 
parallel to it, thus indicate the equilibria of groups of alloys having 
a ziqp-content which is constant for each section; in the case of 
Fig. 100 it is the copper-content which remains constant. In these 
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sections the f ull lines ate those which tightly^ belong to the 
equilibrium diagram! the brobrij lines represent transformations 
which, although indicated by arrests on the' cooling curves, have 
been found on further investigation to be due to metastable 
conditions which disappear on prolonged annealing. 

Fig. 100. 

C* — 10 Copper. 20"' Copper. 25% Copper, 



Constitutional Model. 

o • 

From the observations made, and by thejiid of parallel sections 
similar to those given in Figs.®99 and 100, a sqlicl model may be 
constructed representing the constitution of the allbys at any 
temperature. In the case of a binary system of alloyS the constitution 
may be represented on a plane diagram. Where three components 
exist two dimensions are nee*ded to represent Composition; a 
constitutional model may then be made on a triangular base, 
temperature being measured in the third dimension. A method 
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lias already been described * whereby such a model may be 
constructed from different coloured wires in such a manner that 
the constitution under any conditions of composition and 
temperature can readily be seen:- A photograph of such a model 
for this system of alloys ,is* shown in Fig. 101, Hate 19. Since the 
constitution of the alloys can most readily be understood from a study 
of the model, it will be described by means of shaded drawings, the 
plane sections like Figs. 99 and 100 being retained so that, when 
necessary, they may be used for more accurate reference to the 
temperatures and concentrations which limit the transformations. 

Liquidus Surface. 

The general shape of the liquidus surface is shown in Fig. 102f 
The point A represents the melting point of pure aluminium and 
the lines AB, AE, the effect respectively of the addition of copper 
and zinc on the initial freezing point in these alloys. The beginning 
of the separation of the solid solution of aluminium containing 
copper and zinc is represented by the sloping surface ABODE. The 
boundary line CD is the base of a valley beyond which the surface 
CDF, rising towards F, represents the separation from the liquid of 
CuAlj. The projection of the liquidus surface on the base plane is 
‘shown in Fig. 105 (page 208). All alloys whose compositions lie within 
the area ABODE commence to solidify by the deposition of crystals 
of aluminium solid solution. Those whose compositions lie within 
the area CDF commence to solidify by depositing crystals of CuAl 2 . 

«r 

The End of the Primary Separation. 

< < 

'Jibe end of the primary separation is represented in Fig. 103 
by the shaded surfaces AGLM.and RGLDKC, which meet along the 
line GL. ‘Alloys^ whose temperature ordinates cut the surface 
AGLM become iompletely solid at the temperature of that surface, 
and then consist, if in equilibrium, of a homogeneous solid solution of 
copper and zint in aluminium. Alloys whose temperature ordinates 

* W. Rosenhain. Journal Institute ol Metals, 1920, page 217. 
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cut the surface HGLT1C consist, at the end of the first period of 
solidification, of solid solution and liquid ; those whose temperature 
ordinates cut the surface DKC consist at the end of this period of 
CuAL and liquid. 

Second Stage of Solidification 

Alloys whose temperature ordinates cut the surface HGLDKC 
become solid in two stages. The second stage, which commences 
at this surface, consists in the separation of a binary complex * 
corresponding to the binary eutectic of the copper-aluminium series 
and consisting of the same phases (aluminium and CuAL) containing 
zinc in solid solution. Neither the composition of this complex, 
nor its temperature of solidification are constant, except along the 
line HG, where the system is one of two components only. Along 
the line GL, which represents the limit of solubility of CuAL in the 
aluminium rich solid solution, the separation of CuAL in infinitely 
small amounts takes place over an infinitely small temperature 
range, but the temperatme of separation falls steadily as the 
concentration of zinc is increased. Elsewhere solidification during 
this stage takes place over a range of temperature; this range if 
bounded by the surface HGLDKC and the broken surface HGTLNR 
t(the fatter shown shaded in Fig. 104) the edges HG and GL being 
common to the two surfaces. 

Over the surface ItSMLN, Fig. 104 the last stage of th< 
solidification consist^ in a reaction between the solid solution which 
has already separated and the remaining liquid with the formation 
of the compound Zn 3 Al 2 . In the pure zinc-aluminium series thii 
reaction is only found when thj zinc content exceeds 40 per cent. 
As the amount of copper in the alloys is increased, however, the 

~ ' .. “ i . . . . ‘ , 

* In a pifte binary system of alloys a eutectic consists of two constituent* 
which separate at a constant temperature. In the presence of a third element 
the same 'mixture of constituents Separates over a range of temperature, e*( 
the word eutectip is not strictly applic%ble under such ciroumstanoes. Tin 
term binary “ complex ’’ has been introduced to describe such a mixture o 
constituents. The use of the expression ternary eutectic is strictly oorrea 
since this mixture of three coustituents separates at a constant temperature. 
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reaction is found in alloys which possess a lower zinc content. . This 
is indicated by the slq •* of the b< ’• jdary line RS towards the binary 
copper-aluminium faev. of the model. The position of the surface 
RSMLN is ird’eated by arrest points or. the thermal curves. This 
is the solidus of the alloys over this range of composition. 


Changes in Solid Alloys. 

Changes in the alloys after they have become solid may be 
discussed under two heads 

1. As the alloys containing more than 3 per cent, of copper 
are cooled, separation of CuAU takes place from the solid solution, 
end the composition of this solid solution, is indicated at any 
temperature by the surface GOPL (Fig. 104), which divides the ' 
alloys in which CuAL occurs as a separate constituent from those 
in which it is not so found. 

2. The second change in the solid alloys occurs at the surface 

(Figs. 103 and 104). At the points indicated by this 
surface the decomposition of the compound Zn.,Al 3 takes place, 
with the production of two solid solutions (the a and y solid solutions 
of the zinc-aluminium system). The temperature at which this 
reaction takes place is but little affected by the addition of copper 
to the system. It occurs at about 250° C. on cooling and 290° C. 
on besting. 

The shapes and extent of the various phase Feld boundaries are 
indicated more clearly in the projections shown imFigs. 106,106 and 
107 (page208). Fig. 105 shows tkJiquidussurfaces projected on to the 
base of the model. The thick line DC marks the eutecjic valley between 
the aluminitun an£ CuA 1 3 surfaces ; the thin lines are temperature 
contours (isothermals) on those surfaces. In the sjme way Fig. 106 is 
a projection of the boundary between the first and second Stages 
of solidification. The surface BGLF shows the contours on tjje upper 
surface of the eutectic field. The surface AGLE is the solidus of 
the aluminium-rich solid solution. Fig. 107 shows the constitution " 
of the solid alloys at room temperature. Alloys whose compositions 
fall within the area AGTS consist entirely of solid solution. Those 
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Yin, 105 .—Projection of Liquidity Surface. 
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falling witnin the area GTllB contain aluminium-rieh solid solution 
andCuAl„. Alloys falLirj within t; £.rea STLE consist of aluminium- 
rich solid solution and. zinc-rich solid solution derived from the 
decompositioi .of the aluminium-zinc compound. Alloys falling 
within the area L T RF consist of the three constituents—aluminium 
containing dissolved zinc and copper, zinc-rich solid solution as 
above containing dissolved aluminium and copper, and CuA1 2 . 

Microstructures. 

The microstructurcs of the alloys of this system are illustrated 
in Figs. 108 to 119, Plates 1G 10. Fig. 108, Plate 16, shows analloy 
containing 40 per cent of zinc and 10 per cent of copper, as cast. It 
consists of primary crystals of aluminium containing copper and zinc 
in solution, and CuA1 2 . The primary crystals have a cored structure, 
and some parts appear dark in the photograph. This dark appearance 
is due partly to the decomposition of the solid solution at about 
250° C. On annealing such an alloy the cores disappear, and it 
consists entirely of aluminium-rich solid solution and CuAL. Fig. 
109, Plate 16, shows an alloy containing 30 per cent of zinc and 
20 per cent of copper as cast. The same constituents appear in 
this alloy, but the amount of CuA1 2 is increased, as is also the 
extent of decomposition of the Bolid solution. Fig. 110, Plate 16, 
shows an alloy containing 30 per cent of zinc and 25 per cent 
of copper. The composition of this alloy is represented by a 
point close to the line DC in Fig. 105, and it* therefore consists 
almost entirely of a eutectic containing CuA1 2 (lfght etching) and 
aluminium-rich solid solution which has decomposed subsequent to 
its formation (dark etching). Fig. Ill, Plate 16#shows an alloy 
containing 45 per.cent of zinc and 20 per cenij„o4 copper and is 
very similar to Fig. 110, except that in this cifce separation of 
CuA1 2 as a primary constituent has taken place. i> _ 

The changes which take place in tfyese alloys as a result «f heat 
treatment may be shown with reference to the alloy containing 30 
per cent of zinc and 20 per cent of copper, which has been illustrated 
in Fig. 109. Fig. 112, Plate 17, shows the same alloy under a higher 
magnification: in this photograph the duplex structure of the dark 
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etching portion# can t>e seen, wliile at the same time there occur, 
associated with these dark etelpng portions, small pieces of other 
constituents whose identity has ij^ot been determined. On re-heating 
such an alloy for a short, time above the critical -point at about 
250° C. followed by quenching, the structure shown in Fig. 113, 
Plats 17, is obtained. In this alloy duplex portions of the solid 
solution have become homogeneous, but the small quantities of 
unidentified constituent referred to above are still present. 
Prolonged annealing, however, results in the disappearance of 
these constituents; Fig. 114, Plate 17, shows thestructure of this alloy 
after annealing for twenty hours at 405° C. followed by quenching. 
After this treatment the alloy consists entirely of aluminium- 
rich solid solution and CuA 1 2 (white). On raising the temperatu-e 
till higher to 425° C. followed by quenching, the structure 
shown in Fig. 115, Plate 17, is obtained ; melting of the alloy has 
commenced at the boundaries of the crystals. .The temperature 
employed in this annealing experiment is therefore somewhat 
higher than the solidus oi this alloy. On raising the temperature 
still further, the amount of liquid increases, as is shown in Fig. 116, 
Plate 18, which represents the alloy quenched from 440° C. 

Fig. 117, Hate 18, shows the structure of the alloy containing 20per 
cent of zinc and 10 per cent of copper after prolonged annealing at 
420° C. followed by slow codling to 220° C. from which temperature it 
was quenched. This alloy in the “as east” condition shows 
considerable coringof the solid solution, and large dark-etching patches 
due to its decomposition. Long annealing produces uniformity of 
composition throughout the solid solution, and in this case 
decomposition does not occur, in any portion after cooling through 
thS transformation t temperature. Fig. 118, Elate 18, represents 
the alloy^containing 25 per cent of zinc and 10 per cent of copper 
after similar treatment. In this case, although the zinc content is 
only 6 per cent higher, decomposition of the solid solution has 
taken place throughout the whole mass of the material. It is 
evident then, that these twiralloys lie one on either side of the line RT, 
Fig.*107 (page 208). Fig. 119, Plate 19, shows the alloy containing 35 
per cent of zinc and 20 per cent of copper after the same treatment. 
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The duplex ctyractef of the decomposed solid solution is very 
clear in this case. 


V(i). The Constitution op the Silicon-Iroji-Alumimum 
Alloys. 9 

The Iron-Aluminium Alloys. , 

• • 

It appeared necessary as a preliminary to the investigation 
of the ternary system to review the binary system, iron-aluminium, 
at the aluminium end. This lias previously been investigated 
over the whole range of composition by Gwyer, who found that 
iron forms a compound FeAl 3 with aluminium; his diagram as, 
however, not complete at the aluminium end. 

For the present purpose alloys have been prepared in which 
the iron content varies from 0-20 per cent, and cooling curves have 
been determined on these alloys. The results aie expressed in the 
diagram shown in Fig. 120 (page 211). The compound FeAL, forms 
with aluminium a eutectic containing 2 per cent of iron and melting at 
648° C. This eutectic temperature is very close to the melting point of 
pure aluminium, and it is practically impossible, in the case of alloys 
containing less than the eutectic percentage of iron, to distinguish 
between the arrest due to the separation of primary aluminiurti 
and that due to the separation of the eutectic. With alloys of higher 
iron content, the bquidus arrest point rises rapidly, and in the case 
of an alloy containing 20 per cent of iron, separation of FeAl s 
begins at a temperature higher than 1,000° C. FeAl 3 is practically 
insoluble in sojid aluminium,, and no sample of this metal which 
the Authors have examined is quite free from particles of the free 
compound. " 

Silicon-lron-Aluminium Alloys. 

• • 

In ordei; to investigate the, constitution of this system, five 
different series of alloys containing 1 to 8 per cent iron have been 
prepared, the iron content being maintained at a fixed value in each 
series, while silicon was present in proportions up to 8 per cent. 
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Each ol the;,, scries r £ alloys lies, therefore, nf'a platje of the ternary 
model of the system r 'tpllcl to the jluuiinium-silicon face. Thermal 
curves have been wren of th -;e alloys, and the arrest points 
obtained aie sho'.vn in the diagrams in Figs. 121 to 125. These 
diagrams represent sections of tfic ternary model which have been 
arrived At part’j bV the aid of thermal curves and partly as a 


Pxa. 121. 1% Iron. Pia. 122.-2% Iron. 



place along the line AB and consists of alnminium-rich solid solution. 
The point A in this section corresponds to a point or. the lyie AB 
in Fig. 120. The lineDE indicates the separation of the aluminium 
iron binary complex. At the temperature of the line GE, the 
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eompound'FeAl.,, wlflch lias already separated as part of the binary 
complex, reacts with a portion of thc t ‘liquid to form a new 
constituent, which will bo referred to as constituent X. At a 
lower temperature, namely, thaV of the line JK, a # ternary eutectic 
solidifies, consisting of '•the constituent X, aluminium and silicon. 
The line EF appears to represent the separation of a binar) complex 
consisting of X and aluminium. The next section, Fig. 122 (page 213), 
represents alloys containing 2 per cent of iron. This is very similar to 
the previous section. Fig. 123 (page 215), is the section representing 
alloys containing 4 per cent of iron. In this series the primary 
separation no longer consists of aluminium-rich solid solution; the 
point P belongs to that part of the aluminium-iron binary diagram 
where" FeAl 3 separates from solution, and this ’ same constituent 
appears to separate along the line PQ. At the point Q, however, the 
direction of the liquidus changes, as is shown by the dotted line 
CJR. It seems probable, therefore, that over this portion a different 
'onstituent separates, but the Authors have not as yet carried their 
nvestigation sufficiently far to identify this new constituent. In the 
lections shown in Figs. 124 and 125 (page 215), the same characteristics 
ippear. The actual changes which take place in the alloys between 
ihc line I’QR and line'DEF have not been fully investigated. Up 
;o the point Q they appear to be simple, and between this line and 
die line DE, separation of FeAl 3 appears to take place continuously. 
Below the line Qlt, however, other reactions occur, giving rise to 
irrest points on the cooling curves. These are indicated by plotted 
points in the sections representing alloys containing 6 per cent of 
ron (Fig. 124), and 8 per cent of kon (Fig. I2u). The constituents 
involved all have a very similar appearance under the microscope, 
tnd are very difficult to distinguish from FcAl a . c In view of the fact 
iliac this portion <j\ the diagram dods not represent alloys of praotical 
mportance, an<^ since the elucidation of the constitution over this 
•ange pf composition appeared likely c to take considerable time, 
his work was suspended in order that more urgent problems might 
>e inyestigated. In that part of all sections representing alloys 
sontaining up to about 4 per cent of silicon, the constitution 
s believed to have been satisfactorily determined, and is indicated 
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by the different phaSe-fields shown in the sections in Figs. 121 
to 125. 

C r 

The small area DOLU on each section represents alloys consisting 
of aluminium and FeAl.,. This is ah extremely narrow jection running 
parallel to the aluminium' iron binary face of the constitutions 
model, so narrow id fact that it is not possible accurately to determini 
its position on account of the presence of a certain amount of silicoi 
as an impurity in all the alloys used. The area LGHMrepresent 
alloys in which aluminium rich solid solution, FeAl 3 and tin 
constituent X are all present, while the area MHJN representi 
alloys in which all the FeAl., which first separates has been converter 
into the constituent X. Figs. 120 and 127, Plate 20, represent thi 
microstructurc of alloys in each of these sections respectively, 
Fig. 126 shows an alloy containing 1 per cent of silicon anc 
8 per cent of iron (magnification x 1,000); the alloy consists of t 
matrix of aluminium rich solid solution containing a long crystal o: 
FeAl., surrounded by an envelope of the constituent X. Fig. 127 
which represents the alloy«containing 2 per cent of silicon and 8 pel 
cent of iron ( x 1,000), shows aluminium rich solid solution and th< 
constituent X. These alloys were photographed after a prolonged 
period of annealing (170'hours) at 565° C. 

I* the area lying beyond the lines JK and JN, silicon occuri 
as a separate constituent. It separates as one of the constituent! 
of the ternary eutectic at a temperature of 570° C. This ternary 
eutectic has not a typical “ eutectic ” appearance, since it consist! 
largely of aluminium, and contains but small quantities of silicoi 
and the constituent X. Fig. 128,1’hite 20, shows an alloy containing 
3 per centsilicon and 1 per cent yon (magnification x 1,000). Silicoi 
appears as the darkest constituent. , 

It follows fro^jS the results of this investigation that mosi 
commerciaf aluminium (and its alloys) do not contain, as has usual!) 
been supposed,* the free compound FqAl 3 , except possibly as i 
metastable constituent. The proportion of silicon present is usually 
sufficient to convert all the FeAl 3 which first separates into thf 
constituent X. 
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V(c). The Alloys of A'luminium with Magnesium, with Silicon, 
and with Magnesium and Silicon. 

Aluminium-Maggmium Alloys. ' • . 

The only constitutional* diagraiA of the aluminium-magnesium 
dloys previously available was duo to Grube * and was admittedly 


3?ia. 130.— Aluminium-Magnesium Alloys. 

A INDICATES HOMOGENEOUS ALLOY 
a „ DUPLEX ALLOY 



tVhile for the particular subject under discussion an investigation 
nto the t whole series of alloys was not necessary, yet it was thought 

- - . ___ 

* Grube. Zeit. Anorg. Cham., 1905, vol. xlv, page 225. 
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in view of future possible extensions in the application of magnesium 
alloys that it wouhl.be desirable to redetermine the constitution 
over the whole system. This I as therefore been done, and the new 
diagram is shpwn in Fig. 129 (page 217). This is based not only on the 
result of a large number of thermal curves, but also on the microscopic 
examination of a large number of specimens alter special prolonged 
heat treatment. The full details of this treatment have been 
separately described * and reference should be made to this Paper 
for the more complete account of the methods used. The main 
differences between this diagram and that of Grube are found over 
the composition range extending from 33 to 45 per cent magnesium. 
In this region it is shown that a compound Al 3 Mg 2 exists, which 
, forms a eutectiferous system both with aluminium and with Al„Mg a . 
Near the ends of the system, the solubility of ALMg, in aluminium 
and AljMg 3 in magnesium have been accurately determined over a 
wide range of temperature. It is found that solid aluminium will 
hold in solution approximately 11 per cent of magnesium at a 
temperature of about 420° C. At lower temperatures the solubility 
of this compound decreases slightly and is about 9'5 per cent 
at 150° C. Fig. 130 shows the data on which the solubility curve is 
based. . Up to these percentages, therefore, aluminium-magnesium 
alloys consist of homogeneous solid solution, though it by n(T means 
follows that the alloys in the cast state have this constitution. Fig. 131, 
Plate 21, represents an alloy containing 10 per cent magnesium. 
This alloy has been annealed at 420° C., aftpr which treatment it 
was homogeneous; it has subsequently been slowly cooled from 
420° C. to 160° C., during which treatment some particles of Al 3 Mg 3 
(dark etching in the photograph have separated from solution. 
Fig. 132, Platq, 21, shows the structure of an alloy containing 
20 per cent magnesium. Fi§. 133, Plato 21, represents an alloy 
containing 35 per cent magnesium. In this case jt consists largely of 
Al a Mg 2 ^dark etching), wjple the amount of solid solutiop is small. 
This alloy consists of practically pure eutectic. 

In the case of the alloys rich in magnesium* the cpmpound 


* Hanson and Gayler. Journal Institute of Metals, 1920, vol. ii. 
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Al 2 Mg ;> docs not appea# as a separate constituent at 420° C. until 
about 10 per cent aluminium is present, tli4' solubility decreasing 
slightly as the temperature is lowered to about 9 per cent at 150° C. „ 
In this case also, chill cast samples contain free Al^tgj when the 
aluminium content exceeds* about b per cent. A photograph of 


Fio. 135.— Aluminium-Magnesium Alloys. 
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Mechanical Properties of'Aluminium-Magnesium AUoys. 

A mynber of mechanical tests have been carried out to determine 
the effect of magnesium on aluminium; the results are plotted in 
Fig. 135, It is seen that magnesium has a pronounced effect in 


Hardness, Brinell. 
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increasing the mechanical strength of aluminium. 'For example, 
the addition of 2 pet cent raises^the hardness, as measured by the 
Brinell method, from 15 to 39, bile the tensile strength is increased 
from I tons to nearly 10 tots per square inch. With higher 
percentages the a’loys becomS still harder, and in fact they are 


t'V;, 186.— Ahminium-Silicon Alloys. 



extremely difficult to forge or roll when more* than 4 or 5 per cent 
if magnesium is present. 


Aluminium-Silicon Alloys. 

Aluminium and silicon form a simple euteciiferous o series with a 
mtectic # point at about 10-5 per cent silicon. Silicon itself is 
sparingly soluble in solid aluminiujn, the maximum amount which 
it has been possible to bring into solution being about 1 '5 per cent; 
this solubility does not appear to decrease appreciably as the 
temperature is lowered. The equilibrium diagram is shown in 
Fig. 136. A photomicrograph of an aluminium-silicon alloy containing 




Tensile Strength, Metric Tons per sq. inch. 
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3 per cent silit on is shov; n in Fig. 137, Plate 21, in which the silicon 
appearsas the darker constituent. This sample'is unetched, since the 
bluish-grey colour of the silicon makes it possible to distinguish 
it from aluminium without special etching of the specimen. An 
interesting point has been observed ill connection with the chemical 
behaviour of aluminium alloys containing siliejn. When' these 
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are attacked with qtrong oxidizing agents in the ordinary methods 
of chemical analysis,,, it frequently happens Jhat part of 
the silicon remains/unattacked antf is returned as free silicon, 

P 

while part is oxidized and is returned as silica. In these 
alloys it ljgs been shown that the portion which is oxidized 
to Si0 2 is that which existed in the state of solid solution in 
the alloy, (or in a state of combination), while that portion 
which is Returned as free silicon existed as, crystals of free silicon 
in the alloy itself. 


Hardness, Brinell. 
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Mechanicil Properties of Silicon-Alurqinium Alloys 
The effect of silicon on the mechanical properties of aluminium 
has been investigated over a fairly wide range of composition. 
Silicon-aluminium alloys $te very .readily forged and rolled, and 
these operations have been carried out on an alloy* containing as 
much as 20 per cent silicon. Hardness tests on these alloys as 
forged and tensile tests on the alloys in the form of rolled strip in. 
thick are shown in Fig. 138 (page 222). The first effect of the addition 
of silicon is to increase the tensile strength and hardness very 
appreciably. This increase, however, becomes less rapid when the 
silicon content exceeds 1-1J per cent, a composition which 
corresponds with the limit of solubility of silicon in aluminium. 


Allots of Aluminium with Magnesium and Silicon. 

, Constitution. 

The constitution of these alloys has been determined by means of 
thermal curves, and by the microscopic examination of heat-treated 
specimens. Thermal curves have been taken on alloys containing 
from 0 to 35 per cent magnesium and Oto 11 per cent silicon, a total 
(of absut seventy alloys having been employed for this purpose. The 
results of these thermal curves are shown in the diagrams in Figs. 139 
(page 223), and 140 (page 225). These diagrams represent sections 
through a ternary constitutional model, the sections being parallel to 
the aluminium-magnesium face; they therefore represent a series 
of alloys in each of which the silicon*content is kept constant, while 
the magnesium content is increased from 0 to 35 per cent. The 
modifications of the original binary diagram whicji result from the 
addition of silicon/tan be followed 'Step by step, but they become 
somewhat complicated after the addition of more than 1 per cent of 
silicon, and are'hardly intelligible until they have been 0 collected, 
together to form a ternary equilibrium model. It may, however, 
at this |tage b? mentioned that the‘points marked on the diagrams 
are actual observed points on thermal curves. These in themselves 
are not sufficient completely to determine the constitution of the 
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alloys since equijjbriuih conditions are not, as a rule, obtained with 
rates of cooling suitable for the taking of thermal curves. In Borne 
respects, therefore, chiefly with regard to the solubility of the 
constituents in one another in tEe solid state, the diagrams have 
been completed as a result'of prolonged annealing of selected alloys 
followed by microscopio examination. For example, the line ND, 


Fid. 142.— Silicon-Magnesium-Aluminium Alloys. 


Lkjuidus Surface. 



together to 'form an equilibrium model, which represents 
simultaneously the effect of variations of composition and 
temperature on the constitution of the alloys. A photograph of 
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such a model, constructed in the manner winch has already been 
referred to, is shown .n Fig. 14b, Plate 22. This, however, is 
somewhat complicated and the photograph does not lend itself 
readily to detaded explanation, ^though the model itself is well 
suited for that purpose. A number of diagrams in perspective have 
therefore‘been prepared in which the various surfaces and phase 


Fiu. 143.— Silicon-Magnesium-Aluminium Alloys. 
Second Stage of Solidification. 



of shading. Fig. 142, which shows one of these diagrams, represents 
the liquidus surfaces of tb# ternary # system ovet the range of 
composition under investigation. This consists of four different 
surfaces, of which two, E./1S and E,HM, representing respectively 
the surfaces at which silicon and Al 3 Mg 3 begin to separate, are Very 
small. The remaining surfaces are AS^BE^E^ and DCBE 3 E 4 H 
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which intersect along'the line BE 3 E 4 and form a valley which has a 
maximum point at E 3 . The first of these-surfaces represents the 
beginning of the separation of aluminium containing dissolved 
silicon and magnesium, while the other surface rrepresents the 
points of first separation of a compound of silicon and magnesium 
having the formula Mg,Si. The common line o\ intersection BE 3 B 4 
represents points at which a eutectic-complex of these two 
constituents begins to separate. These surfaces may be said to 
represent the first stages in the solidification of these alloys. 

The second stage of solidification is shown in Fig. 143 (page 227). 
This shows three surfaces representing the separation of three 
different eutectic complexes. The surface KLTR slopes downwards 
from the binary eutectic line KL, and represents the beginning of 
the separation of the aluminium-silicon eutectic complex. The 
surface PQVU sloping downwards from the binary eutectic line PQ 
represents the separation of the aluminium-Al 3 Mg 2 eutectic complex. 
The surface RTOFVUN is of more complicated shape. It slopes 
downwards on either side of the horizontal line NO, which lies 
wholly within the surface. On the one side it meets the aluminium- 
silicon complex surface in the line RT, while on the other side it 
meets the aluniinium-Al 3 Mg 2 complex in the line UV. This ridge¬ 
shaped surface represents the upper limit of the separation of a 
eutectic complex of aluminium and the compound Mg 2 Si; its 
intersections with the other two eutectic surfaces, the lines RT and 
UV, are horizontahand lie in the two ternary eutectic planes which 
the system possesses, and which are shown in the next Figure. 

Fig. 144 represents the end of the solidification (or solidus) of the 
alloys. This consists of seven distinct surfaces and completely 
cov'ers the whqle rapgc of compositions in the alloy system. The 
surface KLZR presents the end of the separation of the binary 
eutectic (or complex) of aluminium and silicon, and allots over this 
range of comjtosition are completely .solid after the end of the 
separation of t this complex. The horizontal plana RZW represents 
the'separation of a ternary eutectic of aluminium, silicon, and 
Mg 2 Si, the two surfaces NOWR and NOYU represent the solidus 
of the aluminium-Mg 2 Si eutectic complex, and have the same ridge-' 
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shaped formation as lias the uppe* limit of the separation of this 
body. It may be noft'd at this styge that the line NO is common 
to both the upper and lower limits of the separation of the aluminium- 
MgjtSi complex; in other words, along this line this complex is 
strictly a eutectic, separating at a constant temperature and not 
over a range of temperature. The points G shown in the different 


Fki. lii—Silicon-Magnesium-Aluminium Alloys. 
Solidus o! Alloys. 



be commented upon later. The surface NOWR meets the aluminium- 
silioon-Mg*Si ternary eutectic plane in RW. The surface NOYU 
meets another ternary eutectic plane in XlY. This latter ternary 
plane UYXJ represents the separation of a ternary cvitectio 
consisting of aluminium, Al 3 Mg 3 and Mg 2 Si. The surface PQJTJ 
represents the end of the separation of the binary eutectic complex 
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of aluminium and ALMg, and intersects tie corresponding ternary 
eutectic plane in U.T. ■ Finally, the complicated surface AKRNUP, 
which slopes somewhat steeply f rom the point A, represents the 
solidus of the aluminium-rich solid solution containing dissolved 
silicon and magnesium. <> . 

Fig.,145 is another diagram showing the solidus surface when 
viewed from near the aluminium corner. This Figure illustrates 
particularly well the ridge-like shape of the solidus of the aluminium- 
Mg 2 Si eutectic complex of which the horizontal line NO forms the 
crest. The solidus of the aluminium-rich solid solution is not drawn 
in this Figure. 

Figs. 146, 147 and 148 show projections of the different surfaces 
of separation on the horizontal base of the model. Fig, 146 is a 
projection of the liquidus surfaces and the different areas show the 
ranges of composition over which the four constituents— aluminium, 
Mg 2 Si, silicon, and AhMg,—are the first to separate from the molten 
metal. The thin lines are temperature isothcwnals. Fig. 147 (page 
232), shows in like manner the ranges of composition over which the 
different binary eutectic complexes of the system separate, while 
Fig. 148 (page 232), is a projection of the constitution of the solid 
alloys immediately after the solidus has been passed. 

Typical microstructures of these alloys are shown in Figs. 149 
to 153, Plates 22 to 24. Fig. 149, Plate 22, shows an alloy containing 
5 per cent magnesium and 4 per cent silicon. It consists of primary 
crystals of aluminium containing dissolved magnesium and silicon, a 
coarse binary eutectic complex consisting of aluminium and Mg 2 Si, 
and a fine-grained ternary eutectic consisting of aluminium, Mg 2 Si, 
and silicon. Reference to the projections of the solid model will show 
that this is the constitution whiA is indicated fcr an alloy of this 
composition. Btg. 150, Plate 2J, shows an alluy containing 10 per cent 
magnesium and 4 per cent of silicon. In this lection ^here is very 
little primary separation of aluminium, and the alloy consists very 
largely of a binary eutectfc eomple»of Mg,Si and aluminium. The 
composition of this alloy is very nearly that of ihe pure binary 
eutectic of these two materials ; a slight excess of aluminium is, 
however, to be observed. Fig. 151, Plate 23, shows the mjcrostructme 
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of an alloy containing 10 per cent of magne’ium and 3 per cent of 
silicon. This consists of a few large primary "crystals of the 
compound Mg 2 Si, a considerable proportion of eutectic complex 
consisting of Mg 2 Si and aluminium and a small proportion of ternary 
eutectic of aluminium, Mg 2 Si and sxlic*", which has an indistinct 
fine-grained structure. Fig. 152, Plate 23, shows an alloy consisting 
of 25 per cent magnesium and 2 per cent of silicon. In this alloy 
the primary separation is of crystals of Mg 2 Si, which are shown 
as the dark etching constituent in the photograph. The remainder 
consists of binary eutectic complex of aluminium and Mg,Si, and 
a ternary eutectic of Mg 2 Si, aluminium and Al : ,Mg a , the latter 
constituent having a medium tone between the light aluminium and 
the dark Mg 2 Si. The characteristic appearance of the binary 
eutectic is not always visible in alloys in which the separation is 
really that of a complex taking place over a wide range of temperature. 
Under these circumstances, deposition of the one constituent may 
take place on the primary crystals which have already separated 
during the first stage"of solidification, and in consequence, the 
typical appearance which one usually associates with a eutectic may 
be lost. 

Crystals of Mg 2 Si in these alloys have a very beautiful and 
characteristic appearance, especially when they occur in. large 
quantities as a primary separation. They have a beautiful blue 
colour, and appear iridescent in the polished specimen, in which 
they are visible quite readily without etching. Fig. 163, Plate 24, 
shows the appearance of an unetched alloy containing 35 per cent 
magnesium and 1C per cent ^if silicon. The dark crystals are 
Mg 2 Si. The compound Al 3 Mg 2 , which also exists in this alloy, 
does not appear until the sample ?s otched. 

A careful examination of the constitutidba^Aodel reveals the 
fact that aluminium and Mg a Si form with one another a system 
which ha* the properties usually associated with ap ordinary binary 
system of alloys. For example, tlft two constituents form with 
one another a true eutectic along the fine NO, whielf has a constant 
temperature of separation, and the typical appearance uncjpr the 
microscope of an ordinary binary eutectic. Elsewhere in the 
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system, the ueparatioq of this body takes place over a range of 
temperature, while the beginnings of its separation always occur 
at a lower temperature than that of the line NO. It would 
seem, therefore, that these two constituents form a siihplA binary 
system, whoae^ base-line on the equilateral triangfe representing 
the ternary system runs from the aluminium corn* to the point 
of the Mg-Si line representing the compound Mg.Si, The whole 


Fig. 154.— Aluminium-Magnesium-Silicide Alloys. 



moc^el may therefore be regarded as divided into two parts, one 
representing thd jjonStitution of aT.oys of silicon, aluminium, and 
Mg 2 Si, anti the other representing the constitution of alloys of 
magnesium, 'alujhinium, and Mg 2 Si. This division is wary clearly 
brought* out on the constitutional model. The plane ANE a OC 
(Figs.^142, 1+3 and 144) divides‘the system into 1 two parts, each 
of wjiich is a complete ternary system in itself. 

A number of experiments have been carried out with the 




ALLOYS RESEARCH. 


236 


object, of studying in detail the constitute n of this binary system 
Al-Mg.jSi. Thermal curves were taken with alloys whose composition 
corresponds to various mcmb-' s of this system with the object, 
partly of verifying its binary character and partly of studying the 
solubility of the compound Mg,,Si i» aluminium. The diagram 
obtained from there experiments is shown in Fig. 154. The eutectic 
point lies at 13 per cent of the compound (8'2 per cent magnesium 
and 4-8 per cent silicon), while the limit of solubility at the eutectic 
temperature is 1-6 per cent of the compound (l'O per cent 
magnesium and 0'6 per cent silicon). As the temperature falls 
the solubility of this compound decreases very appreciably as 
shown by the lino NNj (Fig. 154). An examination of alloys which 
had been made homogeneous at 580° C. and were then very slowly 
cooled to 30° 0. showed that at this lower temperature not more 
than O'54 per cent of Mg„Si could remain in solution, while it is 
thought-that actually this figure should be less, since it is difficult 
to attain equilibrium in a reasonable timeFat low temperatures. 
This may be illustrated by Figs. 155 and J 66, Plate 21. Fig. 155 
represents an alloy containing 0-85 per cent magnesium and 0-5 
per cent silicon, quenched after prolonged annealing at 581° C. 
It consists entirely of homogeneous solid solution in which the 
compound is wholly dissolved. Fig. 156, Plate 24, shows tbe 
microstructure of the same alloy, the only difference in treatment in 
this case being that it was very slowly cooled to 30° C. instead of being 
quenched. During this slow cooling a certain amount of Mg a Si 
has separated from solution. The effect of tjne addition of excess 
of either magnesihm or silicon on the solubility of Mg 2 Si has also 
been .determined and is indicated by the line ZRNU in Fig. 148 
(page 232). This refers to the sofubility at the moment of complete 
solidification of the alloys. »The dotted firn^ fn the same figure 
indicates the solubility at 150° C. 

„ V(d). The Age-Hardening oi*the Alloys of Aluminium 
with Magnesium and Silicon.* 

The extent to which silicon and Al 3 Mg. 2 are soluble in aluminium 
both at high and low temperatures, has been indicated above (pages 
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219 and 221). In the case of silicon, no vu’ iation of solubility with 
temperature has been 'found, whilein the case of Al*Mg 2 , there is only 
a small decrease of solubility wit;, falling temperature. On the other 
hand, the compound Mg 2 Si is mu h more soluble at high temperatures 
than at low. In view of the fact, which tr,s already been established, 
that magnesium ;,nd silicon in combination confer on aluminium 
the property of hardening after quenching, experiments have been 

Fra. 159 .—Hardness of Quenched and Aged Alloys plotted against Composition. 


%Mg 



undertaken with alloys in whi<9i the compound .^g s Si and aluminium 
are the only constituents, in order to ascertain the influence of Mg 2 Si 
on the ige-hardening quglities. A series of alleys has, therefore, 
been preparedj whose compositions *are represented by points along 
the line NO, Figs. 143-145. In these alloys the Jmount # of Mg a Si 
increases progressively up to a concentration well beyond the limit of 
solubility of this compound in solid aluminium at a high temperature. 
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Two chill castings of ea'ii of these alloys were prepared. One was 
forged hot from one inch diameter ,{as cast) to fi thickness of $ inch, 
and used for hardness tests ; the other was forged and rolled into a 
strip T \; inch thick and used for tensile tests. The pamples were 
annealed for one hour at temperature of 600° C., after which 
treatment one set of samples was quenched in water and the other 


Fiu, 160 .—Difference between Tensile Strengths of Aged and Slowly-Cooled 
Specimens, plotted against Composition. 



slowly cooled in the 1 fjirnace. After a ‘’period of about seven days, 
mechanical tests were carried out on the alloys. Results are shown 
in Figs. 167 and lfjk (page 236), representing tensile and “Brinell” 
hardness tests respectively. The study of these diagrams shows that 
the increase in hardness produced during ageing of the alloys after 
quenching rises progressively with the amount of Mg 2 Si present 
in the alloy, until the limit of solubility is reached, beyond which 
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the total increase in hardness remains pra ticall^ constant. It 
would therefore appear that the extent of the age-hardening which 
takes place is roughly proportional to the amount of magnesium 
silieide in solution at the moment i f quenching. Further to confirm 
this view, other experiments were undertaken in a similar manner 
on othef alloys of the ternary system—not necessarily belonging 
to the binary aluminium-Mg 2 Si system—and therefore lying to either 
sidc.of the line NO. The alloys examined are indicated in Figs. 159 
and 160, and the results of the testB are also indicated in these Figures 
and in Figs. 161 and 162 (page 240). Here again in each of the 
series of alloys examined it is found that the hardness due to ageing 
increases with the amount of Mg. 2 Si in solution up to the limit of 
solubility at the quenching temperature. In Figs. 159 and 160 the 
limit of solubility at high temperatures is indicated by the full 
black line, and it will be observed that the alloys examined reach 
a maximum hardness in the neighbourhood of this solubility line. 

The results which are summarized in these^liagrams leave little 
doubt that the ageing of these alloys i~ due to the fact that, on 
quenching, the compound Mg 2 Si is retained, probably in solution, 
in an unstable condition from which it tends to revert to a more 
stable form. It would appear that the gradual hardening is due 
to the changes which occur in the alloy as the result of the tendency 
to the formation of separate crystals of aluminium and Mg 2 Si, 
existing side by side in the alloy. That the separation of particles 
of Mg 2 Si of large size does not take place is established by microscopic 
examination, and further confirmed by the mechanical tests, since 
an alloy in this condition has a tensile strength and hardness 
considerably less than that of the quenched alloy immediately 
after quenching and before ageing takes place. An age-hardened 
alloy appears to reach a hard metastable sta^e* which is either 
permanent, or at least persists for a period of many years. All 
the evidefice at the Authors’ disposal suggests tljat the alloys in 
the,,quenched and age-hardened condition may bo regarded as 
permanent at ordinary temperatures. Some of the material produced 
in the present research has been under observation for periods up 
to ten years, while samples of commercial duralumin, first tested in 
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1912, have been re tested in 1920,' giving results which only 
indicato slight further hardening. It is possible that this condition 
is attained when the precipitated particles have reached a definite 
size (or exist within certain lim"s of size), and that a condition 
of increased hardness is associated with this particular degree of 
dispersion.* 

Rate of Hardening During Ageing. 

In the case of commercial Duralumin, it is usually found that 
about four days are required in order to obtain complete hardening 


Fig. 163. 
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of the alloy at the ordinary temperature, although the greater part 
of this hardening takes place within the firjt, twenty-four hours. 
Experiments were undertaken in order to ascertain the rate of 
hardening of the alloys now under discussion, and the curves shown 
in Fig. 163 indicate the rate of hardening of thjee alloys of the 
following compositions:— 


, /Magnesium 
1 \8Uioon . 


1 percent. 
0-6 „ 


Remainder Alum&ium. 

1 • 

Remainder Aluminium. 


Remainder Aluminiurd. 


Jeflries. Journal Institute of Metals, 1919, No. 2, page 329. 
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After forging, specimens of these alloys were quenched, and then 
tested at intervals while ageing w,as proceeding. It will be observed 
from the curves that alloys 1 and 2 harden relatively rapidly, the 
full hardness being attained in about four days; subsequent hardening 
after this time is very slow. On tfie other hand alloy No. 3, which 
contains an excess of magnesium over that re juired to term the 
compound Mg 3 Si, hardens much more slowly, and the process does 
not appear to be complete after twelve days’ ageing. Furthermore, * 
in spite of the fact that the amount of silicon in the alloy is the same 
as in alloy No. 2, and that the amount of the compound Mg 2 Si present 
is greater than that in alloy No. 2, the amount of hardening on ageing is 
less; the reason for this is not far to seek, since a reference to Figs. 159 
and 160 shows that the solubility of this compound in solid aluminium 
at high temperatures is rapidly decreased by the addition of 
magnesium, and when the magnesium content reaches 2 per cent 
the amount of compound which will dissolve is only about 0'7 per 
cent. Considerably less total hardening would therefore be expected. 


Effect of Ageing at a Temperature Higher than 
. Atmospheric. 

* Sifxce it appears that the hardening of alloys of this type is due 
to the fact that the quenched solid solution which exists at a high 
temperature cannot remain unaltered at room temperature, it appeared 
to be worth while tp investigate the effect on this solid solution of 
ageing at temperatures higher than atmospheric, since it seemed 
probable that by suitable adjustment of conditions better mechanical 
properties could jio obtained. [The alloys used in determining the 
rate e of hardening ^cre therefore re-annealed, at successively 
increasing tempeiptures, which are indicated in Fig. 164, the 
specimens Eejng ipinealed for otic hour at each temperature. Both 
hardness, tests and tensile tests were ipade on samples'after this 
treatment, with the results indicated in the curves of Fig. 164. i At 
first the effect of an increase of temperature is not considerable, 
although it is quite marked at 100° C. With higher temperatures 
the mechanical properties of the alloy are improved until a maximum 
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is reached in the neighbourhood of 200° C. Annealyig at still higher 
temperatures results i;>t\ rapid fall oiboth hardness and tensile strength 
, in all tjiese alloys. It is interesting to note that the same optimum 
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after quenching., The figures given show, both in the case of tensile 
strength and hardness tests, an (-increase to .about three times the 
original value. There seems to bo little doubt that in the case of 
all the alloys of this system the best results can be pbtained by re¬ 
heating, after quenching, tfo a slightly elevated temperature, which, 
however, may vary slightly from alloy to Jlloy, although the 
experiments carried out suggest that heating at about 200° C. will 
give the best results. 

Hardening of Silicon-Magnesium-Aluminidm Alloys 

CONTAINING C'OPl’EB, ZlNC OR NlCKEL. 

Experiments have been undertaken with the object of 
ascertaining the respective effects of copper, zinc, and nickel mi 
the ago-hardening produced in aluminium by the compound Mg 2 Si. 

Copper. 

A constant copper content of 3 per cent has been used throughout 
this series of alloys. The'amount of magnesium silicidc has been 
progressively increased from the minimum possible, corresponding 
to the silicon content of the aluminium used, to nearly 3 per cent. 
Two samples of each of the alloys were annealed at 500° C.; one 
•■sample was then quenched in water and the other cooled slowly in 
the furnace. After being allowed to age for three weeks at room 
temperature, hardness tests were made on these samples, and the 
results are shown ig jhe curves of the lower portion of Fig. 166. 
Age-hardening in the presence of copper is quite considerable when 
the amount of magnesium silichle present' is 0 55 per cent 
(corresponding tj> a silicon content of 0-2 in the alloy). The 
hardening effect, however, appears to reach a maximum when the 
total amount of magnesium silicidehs about 0'9 per cent. (0-35 per 
cent silicon).. The Bolubility at 500° C. of magnesium silicide in 
aluminium containing 3 per cent of cqpper is about O’# per cent, 
corresponding to a silicon content of about 0' 35 1 per cent. .The 
addition of copper to aluminium therefore reduces the amount of 
Mg 2 SF which can be dissolved, and in consequence reduces the 
maximum hardening effect which it is possible to obtain. It was, 
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unfortunately, impossible to obtain samples of aluminium containing 
less than 0'2 per cent silicon, so that the effects produced by very 
small quantities of Mg 2 Si could not be studied. 

Little advantage appears to bj obtained in the presence of S per 
cent of copper by increasing the ‘content of Mg 2 Si beyond about 
0'9 per cent. ‘ » 

Experiments have been undertaken wi ( tk a view to determining 
the effect of re-heating quenched and aged alloys to temperatures 
higher .than that of the atmosphere. The samples used for the 
previous experiments were re-heated for periods of one hour at 
50° C., 100° C„ 150° C„ 200° C„ and 250° C. Hardness tests were 
carried out after each treatment, and the results arc plotted in the 
curves shown in the upper portion of Fig. 165. It is seen that 
re-heating to any temperature up to 100° C. has but little effect on 
the alloys. At 150° C, alloys containing very low amounts of 
Mg 2 Si become somewhat reduced in hardness ; the other variations 
in hardness observed within this range of treatment are within 
the errors of experiment. ..Heating at 200° C. results in a marked 
increase in the hardness of all the alloys except that containing 
the lowest amount of Mg.,Si. Re-heating to 250° C. causes the 
hardness to fall again., The general character of these results is 
O some\fhat similar to those obtained with the pure ternary alloys 
of aluminium, magnesium, and silicon. 

Zinc. 

Similar experiments have been carried out on alloys containing 
15 per cent of zinc instead of 3 per cent of copper. The 
corresponding curves are shown in Fig. 166, and are very similar 
to those of the topper alloys. • In this case, however, it is noticed 
that the improvement! on tempering is very slight, and takes place 
at a lowei temperature, namely, 150° C. Re-heating to 200° C. 
causes a verjf mrfdced fall in the hardness of the alloys. «. 

t 

Nickel. 

In*these experiments 3 per cent of nickel has been used. Nickel 
appears to have less effect on the solubility of MgjSi in aluminium 
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than has either copper pr zinc. The curves for this series, Fig. 167, 
show a very close resemblance, to those found in the pure ternary 
alloys ; the maximum hardening effect is found with a magnesium 
silicide content of about 13 ppr cent, and on re heating‘the 
hardened alloys at temperatures Up to 200° C. the hardness is 
steadily increased. Re-heating to 250° C. result- in k very marked 
fall in the hardness. 

In general it may be said that the addition to aluminium alloys 
containing small quantities of magnesium and silicon of other 
metals which are frequently found in commercial light alloys, results 
in a diminution of the solubility of the compound Mg s Si, and to 
some extent modifies the hardening effect which can be obtained. 
At the same time the properties of these alloys can be improved irf 
a marked degree by controlling the composition and the heat 
treatment. For example, in the case of a 3 per cent copper alloy 
containing I per cent of magnesium silicide, the hardness after 
slow cooling iB about 70, by quenching and ageing at room 
temperature this hardness can be increased to over 100, while 
further heat treatment at a temperature of 200° C. raises the 
hardness still further to about 130, or nearly double the hardness 
figure of the slowly cooled alloy. Similarly in the case of an alloy 
containing 3 per cent of nickel together with 1-3 per cent of 
magnesium silicide, the hardness can be increased from 36 in the 
slowly cooled specimen to 70 in the specimen quenched and aged 
at room temperature,'and to nearly 100 by suitable further treatment 
at 200° C. 

In the case of the zinc alloys, the improvement obtained, while 
quite appreciable,* is distinctly *less than in either of the other 
series.* 


•d^Eisa of Copper ; Aluminium Alloys. 

It hai recently been suggested* 'that the hardening of 
“ Duralumin ” And similar alloys is due to the retention in solution, 

* Merica, Waltenberg and Scott. American InBt. Mining and Metallurgy. 
Jdne 1919, page 913. 
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as a result of quenching^, of the compound CuAL, and that the partial 
re-precipitation df this compound at room temperature is responsible 
for the hardening produced. 


Fio. IG&.—Copper- Aluminium Serif:. 



Experiments have been undertaken with the object of studying 
the hardening *of copper aluminium alloys after quenching from 
a high, temperature. Ten alloys containing 0'5 to 5 per cent 
copper have been cast, forged, and annealed at 500° C. After this 
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treatment one sample of cucii alloy was coined in the*furnae<>, while 
another was quenched in water The quenched* alloy was tested 
immediately after quenching, Red again at successive intervals up 
to "five daVs, The hardness of these alloys after different treatments 
is shown in F?g. 168. Jn the lbwer part of the Figure the hardness 
of the»slowly*coo , ed alloys is compared with that of the quenched 
alloys both immediately after quenching and after five days ageing. 
An* ageing effect becomes apparent in all alloys containing from 
2-5 per cent to 5 per cent of copper, but the actual increase in 
hardness is only small. In no case was an increase of hardness 
greater than 10 in the Brinell figure obtained. This effect is quite 
insufficient by itself to account for the hardening produced in 
“ Duralumin.” 

These alloys were re-heated to successively higher temperatures 
for a period of one hour and the results of this treatment are shown 
in the upper portion of Fig. 168. The effect of re-heating at 100° C. 
is slight; there appears to be, in some oi the alloys, a definite 
softening as the result of this re-heatirg,treatment, and this softening 
effect continues until an annealing temperature of about 200° C. 
is reached, except in the case of alloys containing more than 3 - 5 
per cent copper, where a slight increase ip the hardness is noticed. 
Annealing for a longer period at 205° C. increases the hgrdenigg 
effect observed ; a higher temperature still, namely 240° C., causes 
a marked softening in those alloys containing more than 3 - 5 per 
cent copper. It would appear from these results that the maximum 
hardness is obtained with an alloy containing about 4-5 per cent 
of copper, which has been quenched from 500° C. and subsequently 
re-heated for about three hours at 205° C. The amount of this 
hardening, however, is considerably less than that found in alloys 
containing magnesium silicida; in some dhses Suitable treatment 
of alloys containing this latter compound has resultedein a trebling 
of the Brinell hardness number. m 

A diagram recently published irfAmerica * indicates a maximum 
• ■ 

. - s 

* Merles, Wallenberg and Freeman. Sci. Paper, No. 337. U.8. Bureau 
of Standards (1919). * 
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solubility o£ rfbout 4 per cent of CuAL at 500° C. and 1 per cent at 
room temperature. The determinations carried out in the course 
of the present research, on the contrary, show a Bolubility of nearly 
5 per cent at 500° C. and about 3,per cent at room temperature. 
The difference between these results probably arises from the fact 
that the methods used by the American investigators were not 
adequate to secure complete equilibrium ,at the lower annealing 

Pro. 109. 



temperatures, since enormous time's are required to obtain equilibrium 
in these condition! by annealing alonl. The method"adopted at the 
National Physical Laboratory consists in heating the alloys to a 
temperature near |he solidus for a prolonged period to obtain the 
maximum solution of the compound in the solid aluminium; tjais 
is followed by extremely slow cooling to lower temperatures, from 
which the alloys are quenched. The present Authors consider that, 
provided the rate of cooling is extremely slow, this method will 


Elongation per cent on 2 5 iches. 
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give more reliable results than simple iymealing sat very low 
temperatures. It is of interest tp note that the curves shown on 
Fig. 168 (page 250), confirm the view that the solubility of CuAL in 
alutninium at room temperature is much greater than 1 per cent, 

Fiu. 170? 



since no increase in hardness on ageing" is observed in alloys 
containing less than 2 '5 per qpnt of copper. 


Heat-Treatment of Aluminum Alloys Containing Copper, 
Nickel and Manganese together* with Magnesium 

Silicide. • 

• • 

Experiments have be^i undertaken with a view to determining 
the strengths of certain alloys in which the content of magnesium 
silicide was carefully regulated. Three series of alloys have been 
used for these experiments ; the first contained 4 per cent of copper 
and 2 per cent of nickel, and was of the same type as the “ Y ” 


Elongation per cent on 2 inches. 
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alloy describes elsewhere in this Keport. The second scrios contained 
4 per cent of copper, while the third contained 4 per cent of copper 
plus 0-5 per cent manganese. These last alloys approach closely 
to the composition of commercial Duralumin. The amounts'" of 
magnesium silicide added t6 these 'alloys are shown in Table 55. 
All the alloys were cast in metal moulds, annealed,'forged, anfi rolled 
into strip of an inch thick. Samples of each alloy were then 
submitted to the following treatments 

Sample A .—Annealed at 500° C., slowly cooled in furnace. 

Sample B .—Annealed at 500° C., quenched in water. 

Sample C .—Annealed at 500° C., quenched in water, aged 4 days 
at room temperature. 

Sample D .—Annealed at 500° C., quenched in water, aged 1 houl 
at 100° C. 

Sample E .—Annealed at 500° C., quenched in water, aged 1 hour 
at 150° C. 

Sample F.— Annealed at 500° C., quenched in water, aged 1 hour 
at 175° C. 

Sample 6?.—Annealed at 500° C., quenched in water, aged 1 hour 
at 200° C. 

TABLE 55. 

i <• 


Mark. 

Copper. 

Nickel. 

Manganese. 

Magnesium. 

Silicon. 


Per cent. c 

‘Per cent. 

Per cent. 

Per cent. 

Per cent. 

V 1402 ■ 

4 ' 

2 

— 

,0-85 

0-2 

V 1403 

4 

2 

- 

0-7 1 

0 4 

V 1^04 1 

< 

4 

r '■ 

2 

• 

1-0 

i - 

06 

V 1405 

t 

[ «> 4 

4 t 

- • 


0'85 

0*2 

V 1406 t 

4 t 

L 

- 4 

! 0-85 

0*5 

i V 1401 

l 

4 

— 

0-6 

0-85 

0-5 

V 1408 

4 

- 

© 

6* 

0-86 

0-2 
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Results of mechanical tests on those alloys ate sllown in Figs. 
169, 170 and 171. Fie. 169 (page 252), which refers to the alloys 
containing 4 per cent of copper and 2 per cent of nickel, shows that 
wife a low’ content of magnes' ni silicidc (0 '55 per cent), the tensile 



strengttfdeveloped after hardening and ageing is*pot‘very high, and 
th#t further treatment at higher temperatures results in a reduction in 
the strength of*the alloy. An increase in the amount of magnesium 
silicide to 1 - 1 per cent gives after quenching and ageing a stronger 
alloy, which is capable 6f improvement by further re-heating; a 


Elongation per cent on 2 inches. 
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further increase in the amount of magnesium silicide docs not 
appear to confer 'any improved properties. 

In the case of the alloy containing 4 per cent of copper (Fig. 170), 
the strength of the alloy aged at room temperature does Pot'appear 
to vary greatly with a higher magnesium silicide content; the 
stability of the alloy at higher temperatures, however, is decidedly 
improved by the addition of magnesium silicide. 

In the case of the alloy containing 4 per cent of copper vVith 
0'5 per cent of manganese (Fig. 171), the amount of the magnesium 
siliciSe appears to be of considerable importance. An improvement 
of three tons per square inch in the tensile strength is found in 
the alloy aged at room temperature, as a result of increasing the 
content of magnesium silicide from 0'55 per cent to 1 '35 per cent; 
furthermore, the superior strength of the alloy containing the higher 
amount of Mg 2 Si is retained after re heating to temperatures up 
to 200° C. 

The elongation of .these alloys is indicated by the dotted lines ; 
it will be noticed that the increase of strength due to age-hardening 
is not accompanied by a reduction in the elongation; re-heating 
the age-hardened alloys to higher temperatures does not lower the 
elongation appreciably until a temperature of 200° C. is reached, 
but after heating at this temperature the value is notably reduced 
in all the alloys used. 

The Keport is illustrated by Hates 1 to 24 and 92 Figs, in the 
letterpress. 
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Plate 2. ALLOYS RESEARCH. 

> ir.il diams. [Seepage 17.) 

Figs. 7 and S. Copper-Zinc-Almmnium—Copper A a „, Zinc 20 °,,,. 
Sand Cast. . Chill (%si. 
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Rolled Rod l.'iO diams,. (See page f>C.) 

Fig. 41. Copper 1%, Zinc 5%. Fig. 42. Copper 3°' n , Zinc 5°;,. 
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Fig. 43. Copper 1%, Zinc 20%. Fig. 44. Copper 4%, Zinc 20%. 
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1'i R .4r,. (p. OS.) Experimental Poimdryal Ike National Physical Laboratory 
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l"ig. 47 . (|, (i'l) Experimental Rolling-Mill at the Rational Physwil 
Laboratory. 
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Fig. 4!). (p. 7W.) Electricatly-llcatcd Muffle, 12 in. diameter, 
for Heating Light Alims. 



Fig. 50. (p. TO ) Larger view of separately Heated Stopper 
for securing uniform temperature m the above Muffle. % 
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'ig. 52. As Cast. 
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Alloy “A ** (icf pagi 7 . r ») 

' Fig. 53. Twice Forged. 

150 d. Annealed 4l)(fC. >. I50d. 
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l'ig. 54. 1 wire Forged. Annealed 400' ( . Re-annealed 

500°-520°C. (Alcoholic soda etch in all cases.) x 150d. 
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Fig. 5!>. (p. ST.) Holes very thin sheet made by rifle bullets—front and 

back views. • 
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Allov Y.” (See paw 128.) 


Fit;. 07. Forged 10% * Fiff. OS. Same as Pig. 67. 

( 'neiched. x 45 d. I neiched. x 500 d. 
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4* S (V png ■ 1411 } 

* Fig" 77. Altov ".-1.” Extruded 
1 1 in. round Rod 150 d. 



Medianical*Engvicen / 02! 



Male 12. ' ALLOYS RESEARCH. 

(s<r pav,c 140 ) * 

Alloy “A Extruded t] in. rbiind Rod, showing corrugated 
crystal boundaries. v lMId. 
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v (V, pui't 111) i 

riK- HI. Alloy" A." Extruded Rod .'slum'ini; effect of annealing 
tin elongated areas < 150 d. 
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, w * jj. > ir>0 dtams. 

Fig. !I2. (p. lGo.) Allov "A." Inte*- Fift. M3. (p. 181.) Alloy "A 
trvstalline crack m over-annealed 


Plate 15, 
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Annealed at 250°C., immune from 
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Fig. ill*..(p. lit].) Corrosion Test-pieces m Teak Frame after 
prolonged immersion in»the sea. (AummiUtm-Zinc 4U«y s -) 





















dale 1(>. ' ALLUYfc KtStAKlTH. 

Ill F.tihed y ith 10% NaOli in Water, • ^'>0 duims. (Set page 209.) 

Fig. ION. Coppr; 10%, Zinc 40%, as Cast. 
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l*'ig. 10!). Copper 20Zinc oO"„, as Cast. 



as Cast. < 


as Cast. 
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III F.tijnd irith 1 ll“„ A’flO// tn II aler, > Vtl) diain,. (StY glfics 200 and 11111.) 


Fig. 112. Cof>p,cr 20"',, Zjnc 20%, 
• as Cat;/. 



Fig. 114. Salih' as Fig. 112. 
Annealed 20 hours til 405 a C., 



l'ig. 11.’!. Same as Fig. 112. Re¬ 
heated to dtitCC., and Quenched. 



» 

» Fig^lji"). Same as Fig. 112. 
Re-heated to 42.CC., and Quenched 
shtr,ting signs oj melting. 
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All filched with 111% NaOIf tit II ate: [See /'«£<’ 2'0 ) , 

Fig.HO. Same as Pig. 112. Re-hciitedto440°C'., anil Quenched, 
showing further melting. x 400 d. 



Fig. IIS. Copper IO"'„,'Zinc -5%. Treatment as in Pig. 111. 

x 150 d. 
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l-'ijr. | IIU (p. 2\<).) Copper 20"Xinc.V,". hi nailed 420 "( . 

Slo'iJv Cooled to '22(0 C , mid (hicnthcd 
Plched 10"., XaOJl in Wider. 120 d. 



Fit; llli. (| >. >4.) Constitutional Model. Ciipper-Zim-Aliiiimiiiiin 

A m(v s. 


































































Plate 20. ALLOYS RESEARCH. , 

.11/ I Uhr,t Ti ilh 1 11 1 ', A 'aOtf til Wulcr. ^ • 1*1 KI [ ) ihaim. /f.te tap y]f>.) 


I'lK- !-(>• Silicon /",,, Iron S"„. Annealed at SfO°C. ■ 





1-7. Silicon 2"„, Iron S"„. Annealed a! St>S"C. 
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Mun'inium Magnesium llinvl^lched with in tl^olwl. x 1 r.!] <Anm \. (See pages-01 and ) 

Fjg.J31. Magnesium io 1 ^,. An- 
' nealcil 4^0°C., Slowly , Quilt'd to ’ 

16t)°(>., amt Qit'enchal. f Fig. 132. Magnesium 20 n '„, as Cast. 



Fig. 133. Magnesium 35 %, as Cast. Fig. 134. Magnesium qo%, as Cast. 
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Ffg. ]4'JS(p. 231.) Magnesium 5%, Silicon 4%, as £t!si. 
Unetched. “ 150 d - 
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l*'ig. 150*. Ma^iesiwm 10%, Silicon 4%, as (fast. 


Plate 23. 



Fig. 151. Magnesium 10°'„, Silicon 5°,,, as Cast. Vnctched. 
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Fig 152. Magnesium 25%, Silicon 2%, as Cast. 

Etched with 10 % HJVO, m Alcohol. * * x 200 d. 
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(See pages 232 and 2 ;£.) 1 f % 

Fig. 153. Magir.sium 35%, Silicon 10%. as Cast. Unetched. ' 



5S1°C., and Quenched. Undihcd % / l.OOOd. 
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l'ig. 150. Magnesium f)'S5%, Silicon (>•5%. 
5SI°C., and Sloidy Cooled to 50°C. Unotched. 
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